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This thesis presented my research work in metal catalyzed transfer hydrogenation of 
imines and direct amination of alcohols. New reaction systems were explored and new 
catalysts were developed. 
Chapter I gave a comprehensive review in homogenous transfer hydrogenation of imines 
based on catalyst types. Historical and recent progress was summarized with detailed 
examples. This chapter acted as the background for chapter II, chapter III and chapter V. 
Chapter II described the discovery of alcohol effect in Ir-catalyzed transfer hydrogenation 
of imines and its application in achieving high enantioselectivity in this type of reactions. 
Careful mechanism study including computational study was also carried out and a new 
mechanism involving a direct hydride transfer from Ir-alkoxide to imine was proposed 
accordingly. 
Chapter III described the development of an iron-catalyzed transfer hydrogenation of 
N-aryl and N-alkyl imines using isopropanol as the hydrogen donor. A combination of two 
iron complexes serving different roles was the key for the success of this catalytic system. As 
a result, an environmentally friendly and precious metal-free transfer hydrogenation of imines 
has been developed. The use of a suitable co-catalyst as an activator not only led to efficient 
transfer hydrogenation, but also showed potential in enantioselective transformation. 
Chapter IV extended the application of the combination of Knӧlker’s type iron complex 
and a Lewis acid to the amination of alcohols. In particular, silver fluoride was identified to 
be a highly effective additive to overcome the low efficiency in the amination of secondary 
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alcohols catalyzed by Knӧlker’s complex. This reaction was believed to take place via a 
borrowing hydrogen methodology. 
Chapter V presented our effort in developing new chiral Shvo’s type catalysts. Both iron 
and ruthenium analogs containing either simple planar chirality or both planar chirality and 
metal center chirality were developed and tested in transfer hydrogenation reactions with 
ketone or imine substrates. 
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Chapter 1 Catalytic Transfer Hydrogenation of 
Imine 
 
Among all the methodologies for reduction of C=O and C=N, transfer hydrogenation 
(TH) has rapidly emerged in recent decades and is becoming a center of research in 
hydrogenation science. Different from direct hydrogenation using a pressure of H2 gas, 
transfer hydrogenation refers to the addition of hydrogen to a molecule from stable and 
easy-to-handle non-H2 hydrogen sources such as alcohols, formic acid, Hantzsch esters and 
benzothiazoles. Therefore, it is safer, much operationally simpler and well recognized as a 
convenient alternative to direct hydrogenation especially in small to medium laboratory scale 
reactions.  
TH reactions can be mainly categorized into three types: MPV (Meerwein–Ponndorf–
Verley) reactions, late transition metal-catalyzed reactions and organocatalytic reactions. In 
1925, Meerwein1 and Verley2 independently reported the first MPV type transfer 
hydrogenation reaction of carbonyl compounds. In this type of reaction, a metal mediated 
six-member ring transition state3 is proposed (Scheme 1.1). The hydride from an alcohol is 
directly transferred to a carbonyl group and this process is reversible4. Interestingly, though 
this reaction type is widely found and studied in transfer hydrogenation of ketones; no 
example of imine transfer hydrogenation is reported through such a mechanism. The 
discovery of late transition-metal catalysts for TH started from 1960s and was first reported 
by Mitchell group5 on an iridium complex catalyzed TH of cyclohexanone and α,β- 
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unsaturated ketones to alcohols using iPrOH as hydrogen donor. Later on, catalysts based on 
other transition metals such as Ru6 and Rh7 were reported. In most cases, a metal hydride 
complex was proposed as the key intermediate. Organocatalysts, compared with metal-based 
catalysts, provide a less sensitive, less toxic and optionally easier alternative to TH process. 
Special hydrogen donors, for example Hantzsch esters and benzothiazoles, are required. 
 
Scheme 1.1 Transition state of MPV type reactions 
 
In contrast to the wide application of TH process in ketone reduction8, reports on transfer 
hydrogenation of imines are limited. It is reasoned that unlike the ketone reduction, reduction 
of imines will encounter the following problems9: 1) Imines are sensitive to hydrolysis; 2) 
The presence of cis/trans and enamine isomers make it more difficult to control 
enantioselectivity; 3) N-substituent has a significant effect on reactivity and enatioselectivity; 
4) The amine product formed may deactivate the catalyst by coordination.  
In the following sections, a detailed review on transfer hydrogenation of imines is 
conducted.  
1.1 Ru catalyzed transfer hydrogenation of imines 
Among all the metal catalysts for TH reactions, Ru complexes are the most widely used 
in both symmetric and asymmetric versions.  
In 1987, Bhaduri group10 reported the first example of Ru catalyzed TH of imines 
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(scheme 1.2). At 82 ℃, benzylideneaniline (I-1a) was converted to the corresponding amine 
product (I-2a) with a 80% yield using 1 mol% Ru3(CO)12 as catalyst in 5 h. iPrOH was used 
as hydrogen source in this case. An intermediate (I-3), which was isolated and confirmed by 
X-ray, was proved to be the active species for this transfer hydrogenation process.  
 
 
Scheme 1.2 First example of Ru catalyzed transfer hydrogenation of imines 
 
 
Scheme 1.3 Active intermediate observed 
 
Mono-nuclear Ru complex was also proved to be efficient. Backvall group11 reported in 
1992 that RuCl2(PPh3) catalyzed the TH of N-aryl and N-alkyl imine in high efficiency 
(scheme 1.4). Aldimines generally reacted faster than ketimines, and aliphatic imines were 
more reactive than aromatic ones. Compared with transfer hydrogenation of ketones using the 
same catalyst, transfer hydrogenation of imines showed a much lower reaction rate. It was 
noteworthy that the addition of catalytic amount of base such as K2CO3 was essential. 
Without base, no reaction occurred even after 18 h. Bidentate phosphines were also tested and 
found to exhibit much lower reactivity than PPh3. 




Scheme 1.4 RuCl2(PPh3) catalyzed transfer hydrogenation of imines 
In 2002, Yamagushi et al.12 studied the catalytic reactivity of RuHCl(PPh3)3 and 
RuH2(PPh3)4, the hydride containing analogies of RuCl2(PPh3)3, and found that though 
RuHCl(PPh3)3 still needed to be activated by a base, base activation was not necessary for 
RuH2(PPh3)4. Further study indicated that RuH2(PPh3)4 was the common active intermediate 
for all these three complexes.  
N-heterocyclic carbenes were later introduced as ligands in transfer hydrogenation 
reactions. Danopoulos’s group13 synthesized a pincer type Ru complex I-4 which contains 
two NHC motifs. By using iPrOH as hydrogen source and activated by KOtBu, it efficiently 
reduced I-1a and up to 4200 TON was achieved. Mono-NHC Ru complex I-5 prepared by 
Williams’ group14 was also tested with the same substrate and showed a good reactivity. As a 
similar case with Yamagushi’s report, this dihydride complex didn’t need a base to activate. 
 
Scheme 1.5 NHC containing Ru complexes used in transfer hydrogenation of imines 
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The application of Shvo’s catalyst in transfer hydrogenation of N-aryl and N-alkyl imines 
was reported by Backvall’s group15 in 2002 (scheme 1.6). This catalyst was proved to be 
highly efficient. Using iPrOH as hydrogen donor and benzene as solvent at 70 ℃, reactions 
completed within hours or even minutes. A TON up to 840 could be achieved with ketamine 
substrates. No base was added for activation. However, a relatively high reaction temperature 
was necessary to break catalyst’s dimer structure and form the active monomer intermediate. 
 
Scheme 1.6 Shvo’s catalyst catalyzed transfer hydrogenation of imines 
 
The first example of asymmetric transfer hydrogenation of imines was reported by 
Noyori et al.16 in 1996 using a chiral N-tosylated diphenylethylenediamine (TsDPEN) ligands 
based Ru complex I-6 (scheme 1.7). In this catalytic system, a combination of formic acid 
and triethylamine was used as hydrogen source while it was noted that iPrOH could not serve 
as hydrogen donor. Good to excellent yields and ee values could be achieved with cyclic 
imine substrates (I-1b, I-1c and I-1e) while in the case of simple benzyl substituted imine 
I-1d, ee value dropped to 77%.  
 




Scheme 1.7 Noyori’s asymmetric transfer hydrogenation of imines 
 
After Noyori’s pioneering report, more types of substrates were studied by other groups. 
Fernadez and Lassaletta et al.17 applied this catalyst into the transfer hydrogenation of 
α-branched ketimines (I-7), in which a dynamic kinetic resolution process was involved 
(scheme 1.8). Good yields and high enantioselectivities could be obtained.  
 
Scheme 1.8 Asymmetric transfer hydrogenation ofα-branched ketimines 
 
Yus’ group18 used a similar Ru complex in the transfer hydrogenation of 
N-(tert-Butanesulfinyl)ketimines I-9 (scheme 1.9). Instead of TsDPEN ligands, chiral amino 
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alcohol was used as ligand and the catalyst was generated in situ. This time, iPrOH was used 
as hydrogen source. High diastereoselectivity was achieved and the final primary amine 
products were obtained in up to 99% ee after a simple deprotection.  
 
Scheme 1.9 Asymmetric transfer hydrogenation of N-(tert-Butanesulfinyl)ketimines 
 
The same catalytic system was used by Cahard’s group19 in the transfer hydrogenation of 
α-trifloromethyl arylmethylimines (scheme 1.10). This reaction worked well on N-aryl 
substituted imine substrates while no ee was obtained when N-benzyl substituted substrates 
was used.  
 
Scheme 1.10 Asymmetric transfer hydrogenation ofα-trifloromethyl arylmethylimines 
 
Liu’s group20 used simple TsDPEN based Ru complex and HCOONa as hydrogen donor 
and achieved better results for the transfer hydrogenation ofα-trifloromethyl arylmethylimines 
(scheme 1.11). The choice of solvent was proved to be important for high yield as well as 
high enantioselectivity.  




Scheme 1.11 Asymmetric transfer hydrogenation of α-trifloromethyl arylmethylamines 
 
Modified Noyori type Ru catalysts were also reported. By changing the ligand into chiral 
o,o’ -disulfonated N-tosyl-1,2-diphenylethylene diamine, Deng and Zhu et al. successfully 
made the in situ generated corresponding Ru complex soluble in water21, thus an 
environmentally friendly organic solvent free catalytic system was established (scheme 1.12). 
The addition of cetyltrimethylammonium bromide (CTAB) was the key to get high 
enantioselectivities and yields, indicating that the formation of micelles and the electrical 
charge on a micelle are important. Though this catalytic system worked well on cyclic imines 
(I-1b, I-1c) and iminiums, simple benzyl substituted imine (I-1h) or sulfonyl substituted 
imine (I-1i) were not well tolerated. A total decomposition of substrates was observed.  
 
Scheme 1.12 Deng and Zhu’s water soluble Noyori type Ru complex 
Suss-Fink group22 synthesized a serious of water soluble cationic organometallic aqua 
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complexes of the type of [(arene)Ru(RSO2N∩NH2)(OH2)]
+ (I-15), containing chiral 
N,N-chelating ligands, and applied them in the organic solvent free transfer hydrogenation of 
imines reactions. In this case, simple N-benzyl substrate was well tolerated and up to 91% ee 
was obtained. pH = 9 was identified to be the best condition for transfer hydrogenation of 
imines. 
 
Scheme 1.13 Suss-Fink’s water soluble Noyori type Ru complex 
 
In order to utilize the catalysts more efficiently, some groups tried to immobilize them on 
various materials. The first supported Noyori type catalyst was reported by Deng’s group23 in 
2002. A dendritic chiral TsDPEN analogue was synthesized and its Ru complex was applied 
in the asymmetric transfer hydrogenation of ketones and imines (scheme 1.14). By using an 
azeotrope of formic acid and trimethylamine as hydrogen donor, comparable catalytic 
reactivity and enantioselectivity were achieved and these catalysts could be reused several 
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times without apparent loss of activity.  
 
Scheme 1.14 Dendritic Ts-DPEN ligand 
Tu’s group24 later on reported a highly recyclable silica-supported Ru-TsDPEN catalyst. 
Ketone and cyclic sulfonyl imines were demonstrated as good substrates with high yields and 
high enantioselectivities. With the help of sodium dodecyl sulfate as phase-transfer catalyst, 
transfer hydrogenation in water was also carried out successfully. 
 
Scheme 1.15 Silica supported Noyori type Ru complex in transfer hydrogenation of imines 
 
A polymer immobilized chiral Ru-TsDPEN catalyst for imine transfer hydrogenation was 
also reported25. It was noted that the enantioslectivies obtained from this immobilized catalyst 
was apparently higher than those from its corresponding unimmobilized analogies. A 
significant enhancement in ee value could be observed when decreasing the reaction 
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temperature to 0 ℃. Surprisingly, no reaction took place when N-aryl imines were tested in 
this catalytic system, 
A lot of mechanism studies were carried out to investigate how this Noyori type Ru 
complexes were functioning in this transfer hydrogenation process. Though it seems to be 
clear and well-accepted that the transfer hydrogenation of ketones using this type of catalysts 
goes through an outer phase bifunctional catalysis mechanism26, the mechanism of imine 
reduction still remains unclear. The Backvall group27 synthesized the corresponding Ru-H 
complex and tested them in stoichiometric reactions. Surprisingly, they found out that no 
reduction of imine substrates took place in the absence of acid additive while ketones were 
efficiently reduced under the same condition. Based on these results, they conclude that the 
mechanisms of transfer hydrogenation on ketones and imines were different. Thus an ionic 
pathway in which a protonated imine was reduced by the Ru-H intermediate was proposed. 
 
Scheme 1.16 Cyclic six-membered transition state in transfer hydrogenation of ketones 
 
Scheme 1.17 Stoichiometric reactions with Ru-H  
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 The Wills group conducted a serious of reactions to study the importance of NH2 motif 
in Noyori type catalyst. They firstly blocked the NH2 group with one alkyl group and found 
out that the mono-alkylated complex could still act as a highly efficient catalyst in asymmetric 
transfer hydrogenation of ketone and imines.28 Large alkyl group would result in a significant 
decrease on reactivity. But high ee was still obtained. Secondly they did a dialkylation. When 
the dialkylated complex29 was tested in transfer hydrogenation of acetophenone, extremely 
low reactivity was observed. This would be explained based on the outer phase mechanism 
since the six-membered transition state could not be formed. In contrast to the case of ketone, 
the difference in reactivity with imine substrate (I-1b) was not as dramtic. Though decreased, 
moderate reactivity was still obtained. These results indicate that in the transfer hydrogenation 
of imines, a six-membered transition state proposed in ketone reduction may not be necessary. 
And therefore a different mechanism was taking place.  
Recently, a Ru-Pybox complex bearing a monodetate phosphite ligand (I-17) was 
developed by Pizzano’s group30 (scheme 1.18). It was demonstrated to be good catalyst both 
in hydrogenation and transfer hydrogenation of N-aryl imines. Up to 99% ee was obtained in 
the case of transfer hydrogenation using iPrOH as hydrogen donor.  
 
Scheme 1.18 Transfer hydrogenation of N-aryl imines with Ru-Pybox complex 
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1.2 Rh catalyzed transfer hydrogenation of imines 
The first example of Rh catalyzed transfer hydrogenation of imine in 1989 utilized the 
Wilkinson’s catalyst (RhCl(PPh3)3) and iPrOH as the terminal reductant
7 (scheme 1.19). A 
(PPh3)3RhCH intermediate was proposed to reduce the imine substrate directly. 
 
Scheme 1.19 First example of Rh catalyzed transfer hydrogenation of imines 
 
A Noyori type half-sandwich TsDPEN based Rh catalyst was also used for this type of 
reaction by the Baker group31 (scheme 1.20). Generally, this reaction was fast and efficient. 
The reactions would complete in minutes using HCOOH/Et3N as hydrogen donor. Compared 
with the corresponding Ru catalysts, enantioselectivities were lower. Especially for the simple 
N-benzyl imine (I-1d), only 8.4% ee was obtained while that from a Ru catalyst was 77%. 
 
Scheme 1.20 Asymmetric transfer hydrogenation of imines using Noyori type Rh complex 
 
The Kellar group32 explored the use of H2O as solvent instead of organic solvents with 
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the same catalytic system and found the ratio of formic acid and trimethylamine was crucial 
to achieve high reactivity as well as high selectivity (scheme 1.21). Imine (I-1b) was chosed 
as the standard substrate. The best reactivity was obtained at a ratio of HCOOH/Et3N = 1.1/1 
with an initial pH at 5.1. It was reasoned that HCOOH existed predominately as HCOO- was 
essential for the formation of the rhodium format complex. At a low initial pH (2.1-4.1), the 
ee value of the product was very low (3-56%) and would increase as the pH increases. In a pH 
range of 5.1-10.3, ee values remained constant at a high range (82-91%). With the optimized 
condition, various substrates were tested and a result to that is comparable to the organic 
solvent mediated reactions could be obtained. 
 
Scheme 1.21 Asymmetric transfer hydrogenation of imines using Noyori type Rh complex in 
water 
 
Crabtree and Peris et al.33 synthesized an air-stable chelating bis-carbene rhodium(III) 
complexes (I-19) and reported their application in transfer hydrogenation of ketones and 
imines. In the case of imine reduction, they were proved to be highly efficient that up to 1000 
TON and 100 h-1 TOF could be achieved using I-1q as substrate under mild condition.  




Scheme 1.22 Bis-carbene Rh complex catalyzed transfer hydrogenation of imines 
 
The Wills group34 studied many “tethered” Noyori type Ru, Ir or Rh complexes and 
found them to be highly stable, robust and efficient for transfer hydrogenation reactions 
(scheme 1.23). The corresponding Rh catalysts were tested with various imine substrates and 
the results are shown in scheme 1.19. They worked well on some cyclic imines such as I-1b, 
I-1c and I-1r. But the reaction was still proved to be challenging with simple N-benzyl imine 
(I-1d). Only 44% ee was obtained. 
 
Scheme 1.23 Tethered Noyori type Rh complex catalyzed asmmetric transfer hydrogenation 
of imines 
 
Xiao’s group found that a simple iodide ion could remarkably accelerate the reactivity in 
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transfer hydrogenation of heteroaromatics.35 In this report, (Cp*RhCl2)2 was used as catalyst 
and HCOOH/Et3N was used as hydrogen donor. Various substituted quinolines and 
isoquinolines were reduced in high efficiency with the help of I-. Catalyst loading could be as 
low as 0.01%. 
 
Scheme 1.24 Rh catalyzed transfer hydrogenation of quinolines/isoquinolines activated by 
iodide 
 
1.3 Ir catalyzed transfer hydrogenation of imines 
The first example of Ir catalyzed transfer hydrogenation was reported in 198136. After 
activating complex I-25 by KOH, the active catalyst would oxidize iPrOH to acetone, 
forming the corresponding Ir-H intermediate.  
 
Scheme 1.25 Ir complex in the first example of transfer hydrogenation of imines 
 
An Ir-based analogues (I-26) of the above-mentioned chelating bis-carbene rhodium(III) 
(I-19) complexes were also reported by Crabtree group37. K2CO3 was used as base to activate 
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the precatalyst. Up to 3000 TOF could be achieved using N-Ph aldimines. On the other hand, 
ketamine or N-alkyl imines were much less reactive in this reaction condition. 
 
Scheme 1.26 NHC containing Ir complexes used in transfer hydrogenation of imines 
 
Besides the chelated bis-NHC Ir complexes, monodentate triazolylidene derived NHC Ir 
complexes were proved to be suitable for transfer hydrogenation of imines by the Crabtree 
group as well38. For the reduction of unsaturated bonds, this type of catalyst showed a 
competitive reactivity order: aldehyde > ketone > imine. Using I-1b as substrate and iPrOH 
as hydrogen donor, a TOF up to 333 h-1 (TOF from the corresponding Rh complex was 100 
h-1) was achieved with complex I-27. This system is thus demonstrated as one of the most 
active catalytic systems in transfer hydrogenation of imines reactions. 
Xiao’s group39 accidentally found a new type of iridicycle complex (I-28) during their 
study on reductive aminatioin reactions (scheme 1.27). By simply mixing (Cp*IrCl2)2 and 
N-aryl ketimines, which were supposed to be the substrates, in MeOH at 40 ℃, the 
complexes were formed in high yields. To their surprise, this new type of iridium complexes 
turned out to be extremely efficient for the transfer hydrogenation of imines using 
HCOOH/Et3N as terminal reductant. Using similar condition, reductive amination was also 
successful. Catalyst loading could be lowed as little as 0.001%. Further study40 extended the 
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substrates to various N-heterocycles and made these reactions possible in water without any 
organic solvent.  
 
Scheme 1.27 Xiao’s Ir complex in transfer hydrogenation of imines 
 
1.4 Other metals catalyzed transfer hydrogenation of imines 
Besides the W-2 Raney nickel, the first example of Ni catalyzed transfer hydrogenation 
of imines was reported by Dchneider and Fort et al.41 in 2003 (scheme 1.28). A series of 
Ni(0)/NHC complexes were synthesized and tested. Among them, complex containing IMes 
demonstrated the best reactivity with 5 equivalent of a special alkoxide, Et2CHONa, as 
hydrogen donor. A wide range of N-aryl and N-alkyl aldimines and ketimines were efficiently 
reduced under the optimized condition. A deuterium isotope effect of kH/D = 3.9 ± 0.2 was 
determined, thus suggesting that the elimination of the hydrogen in Et2CHONa or 
β-elimination from a nickel alkoxide to give nickel hydride is the rate-determining step. Two 
possible transition states were proposed while no final conclusion was drawn.  
       
Scheme 1.28 Two possible transition state in Ni catalyzed transfer hydrogenation of imines 
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Zhou’s group developed a Ni(II)/bisphosphine system42 which was able to reduce 
hydrazones and other ketimines through transfer hydrogenation process in high efficiency and 
enantioselectivity (scheme 1.29). Different from other catalytic system, due to the large pool 
of commercial available bisphosphine ligands, screening for specific substrate could be done 
in order to achieve good results. Binapine worked well in most cases. Deuterated study 
showed that there was a rapid imine and enamine tautomerization. DFT study ruled out the 
possibility of direct formate addition and supported the metal hydride mechanism.  
 
Scheme 1.29 Zhou’s example of Ni catalyzed asymmetric transfer hydrogenation of imines 
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Examples of Pd catalyzed transfer hydrogenation of imines were rare. In 2003Basu’s 
group43 reported a one-pot two-step reductive amination reaction in which Pd(OAc)2 was used 
to catalyze transfer hydrogenation of imines using HCOOK as hydrogen donor after the in 
situ generation of imines. No mechanism detail was provided for this transformation.  
Iron-based catalysts attract a lot of attention in recent decades due to the abundance, low 
toxicity and environmentally friendly of iron metal. A pioneering work was reported by 
Morris’ group in 2008 on the synthesis and application of iron complexes (I-30) containing 
PNNP backbones44 (scheme 1.30). These complexes were proved to be highly reactive in 
transfer hydrogenation of ketones using iPrOH as hydrogen donor and gave moderate 
enantioselectivity. However, they were not good catalyst for N-aryl imine substrates. A 
moderate TOF number of 12 h-1 was obtained for N-benzylideneaniline (I-1a). In the case of 
ketamines no desired reaction occurred unfortunately.  
 
Scheme 1.30 Fe PNNP complexes synthesized by Morris’ group 
 
Based on Morris’ result, Beller’s group45 tested many other type imines and found out 
diphenylphophinyl substituted imines actually were excellent substrates for this catalytic 
system (scheme 1.31). After optimization, by using a similar iron complex which was 
generated in situ from PNNP ligand I-33 and (Et3NH)(HFe3(CO)11, Beller’s group 
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demonstrated a nice example of highly reactive and highly enantioselective iron catalyzed 
transfer hydrogenation of imines. Exceptions occurred when aliphatic imines (I-34g and 
I-34h) were applied, only moderate yields and low ee was obtained.  
 
Scheme 1.31 Beller’s Fe catalyzed asymmetric transfer hydrogenation of diphenylphophinyl 
substituted imines 
 
The Morris group further modified and improved their iron PNNP complexes by 
changing different motifs on this type of complexe9 (scheme 1.32). Followed by Beller’s 
work, they have also applied their new complexes (I-31) into similar transfer hydrogenation 
of imines reactions. Similar series of diphophinyl substituted imines were tested and the ee 
values obtained in this case were generally higher than those in Beller’s report. Further 
modification46 made the complexes into amine(imine)diphosphine iron complexes (I-32) and 
the synthesis was optimized to a simple one pot templated synthesis. No base activation was 
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required using I-32. However, better reactivity than that of I-31 and comparable 
enantioslectivity could be achieved. 
 
Scheme 1.32 Morris’ Fe catalyzed asymmetric transfer hydrogenation of diphenylphophinyl 
substituted imines 
 
1.5 Organocatalysts catalyzed transfer hydrogenation of imines 
Different from metal catalyzed transfer hydrogenation in which simple alcohols or 
formic acid are commonly used as hydrogen donors, special hydrogen donors are needed in 
the realm of organocatalytic transfer hydrogenation.  
In Nature’s biological system, redox reactions are usually results of enzymes cooperating 
with corresponding cofactors. The dihydropyridine-based nucleotides NADH and closely 
related NADPH are the most well-known cofactors that serve as “nature’s reducing agent”. 
Inspired by these natural structures, analogues called Hantzsch esters are synthesized and 
applied in chemical reduction of unsaturated bonds. As early as 1988, Meyers’ group47 
reported an example of enantioselective stoichiometric reduction of ketones and imines using 
a chiral Hantzsch ester (I-36). Using I-1h as an example, though the reaction was slow (3 
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days) and yield was moderate (43%), an excellent ee value of 90% was achieved.  
 
Scheme 1.33 Structure of NADH 
 
 
Scheme 1.34 Chiral Hantzsch ester used in Meyers’ report and the proposed transition state 
 
The first example of organocatalytic transfer hydrogenation was reported by Rueping’s 
group48 in 2005 (scheme 1.35). Chiral phosphoric acid (I-38) was used as catalyst and 
Hantzsch ester (I-37) was used as reducing agent. Moderate to high enatioselectivity was 
obtained. As expected hydrogen bonding, was proposed to be the key in achieving good 
selectivity in catalytic cycle (scheme 1.35). Use of non-poplar solvent was important to get 
good ee values. 
 
Scheme 1.35 Rueping’s chiral phosphoric acid catalyzed transfer hydrogenation of imines 




Scheme 1.36 Proposed mechanism in Rueping’s report 
 
At almost the same time, the List group49 reported a parallel independent research for the 
same type of reaction (scheme 1.37). The only essential difference from Rueping’s report was 
that a more bulky chiral phosphoric acid I-39 was used. Thanks to this special acid, lower 
catalyst loading (1 mol% vs 20 mol%), lower reaction temperature (35 ℃ vs 60 ℃) and 
shorter reaction time (42-71 h vs 72 h) were needed while higher yields (80-98% vs 46-91%) 
and higher ee values (80-93% vs 68-84%) could be achieved.  
 
Scheme 1.37 List’s chiral phosphoric acid catalyzed transfer hydrogenation of imines 
 
Soon Rueping’s group50 extended the substrate to heteroaromatic compounds such as 
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quinolines (scheme 1.38). By changing to a more bulky chiral phosphoric acid I-40, they 
managed to get up to 99% ee. A cascade hydrogenation mechanism which involved a 
1,4-hydride addition, isomerization and 1,2-hydride addition to generate desired 
tetrahydroquinoline products, was proposed.  
 
Scheme 1.38 Chiral phosphoric acid catalyzed transfer hydrogenation of quinolines 
 
As a follow-up, the reduction of quinolin-3-amines I-41 using a similar catalytic system 
was reported by Zhou’s group51 (scheme 1.39). The protecting p-toluenesulfonyl group (Ts) 
was essential for achieving reactivity as well as selectivity. This reaction worked well when R 
were aryl groups, up to 99% yield and 99% ee could be obtained. However, when the R group 
was changed to alkyl group such as n-Bu, though the reactivity was still good, trans-product 
became major and the ee value of the both two isomers were much lower.  
 
Scheme 1.39 Chiral phosphoric acid catalyzed transfer hydrogenation of quinolone-3-amines 
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Besides Hantsch esters, benzothiazolines were also widely used as hydrogen donor in 
organocatalytic transfer hydrogenation reactions. Akiyama’s group52 first reported their 
application in transfer hydrogenation of N-aryl imines in 2009 using chiral phosphoric acid 
I-39 as catalyst (scheme 1.40). Good yields (80-96%) and high ee values (95-98%) were 
achieved. A transition state involving substrates that were orientated by two hydrogen 
bonding was proposed. Other types of imine substrates such as α-imino esters53, 
α-trifluoromethyl ketimines54 and α-difluoromethyl ketimines55  were also reduced to 
corresponding chiral amine products using the same catalytic system with small modification 
on reaction conditions. 
 
 
Scheme 1.40 Proposed transition state in Akiyama’s report 
 
By introducing a carboxyl group into benzothiazoline (scheme 1.41), Akiyama group56 
argued that this type of hydrogen donor as well as its corresponding side product could be 
easily removed by simple basic wash, thus presenting an easy to work-up protocol.  
 




Scheme 1.41 Proposed transition state in Akiyama’s report 
During an effort in the kinetic resolution of indolines, the Akiyama group57 found out 
that simple imines could oxidize indolines into corresponding indoles by means of a chiral 
phosphoric acid catalyst. In other words, indolines were another type of good hydrogen donor 
for transfer hydrogenation of imines. This study showed that with the help of chiral 
phosphoric acid, one enantiomer of the indoline would preferentially participate in this 
transfer hydrogenation reaction and be oxidized into a cyclic imine which will immediately 
isomerize to the stable indole. The other enantiomer would be left unreacted in high ee value. 
In the meanwhile, imine substrates were also reduced in high enantioslectivity. A screening on 
indolines showed I-44 gave the best ee value in terms of amine products. A wide range of 
imine substrates were tested and all of them were reduced in high enantioselectivities (scheme 
1.42). This method was further developed into a reductive amination process, thus no imine 
preparation was needed. It is noteworthy that indolines are more stable compared with 
benzothiazoline and can be easily regenerated from indoles by a simple reduction. 
 
Scheme 1.42 Transfer hydrogenation of imines using indolines 
As the concept of “green chemistry” is getting emphasized more and more, the use of 
stoichiometric amount of hydrogen donors such as Hantzsch esters is criticized as poor atom 
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economic. Moreover, in nature’s metabolism, coenzymes such as NAD(P)H is always 
regenerated and reused. Therefore, in the perspective of both green chemistry and biomimetic 
catalysis, in situ regeneration of hydrogen donors is of great interest.  
Zhou’s group58 introduced a relay process to regenerate Hantzsch esters in situ, thus only 
catalytic amount Hantzsch esters was needed (scheme1.43). The key to realize this purpose 
was to identify a good catalyst that could selectively hydrogenate Hantzsch pyridines into 
Hantzsch esters without touching imine substrates. Under the optimized condition, a dual 
catalysis system containing [RuI2(p-cymene)]2, Hantzsch ester I-37 and chiral phosphoric 
acid I-40 was developed. Various benzoxazinones I-45 could be reduced in high yields and 
high enantioslectivities. A relay mechanism was proposed as shown in scheme 1.44.  
 




Scheme 1.44 Proposed mechanism in Zhou’s report 
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In the following efforts to extent substrate scope and to develop milder regeneration 
conditions, Zhou’s group envisioned to look for a new and easily regenerable NAD(P)H 
model. They argued that the new NAD(P)H model should account the following four 
requirements: 1) easy preparation from commercially available materials; 2) easy hydride 
transfer; 3) easy regeneration from the oxidized form; 4) easy control of the reaction 
enantioselectivity. 9,10-dihydrophenanthridine (DHPD) I-4759 was identified to be a good 
choice. By using [RuI2(p-cymene)]2 as catalyst, a H2 pressure as low as 15 psi (compared to 
1000 psi in the above example) was needed. Combining with proper chiral phosphoric acid 
I-48, benzoxazinones I-44, benzoxazines I-49, quinoxalines I-50 and quinolines I-21 were 
reduced in high yields and high ee values (scheme 1.45).  
 
Scheme 1.45 Zhou’s Zhou’s in situ regenerable DHPD for asymmetric hydrogenation  
 
Instead of Ru complex, the Beller group60 used Fe3(CO)12 to regenerate DHPD and 
applied this catalytic system in the reduction of α-iminoesters I-51 (scheme 1.46). Fe(OTf)2 
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was added as Lewis acid to activate the substrates.  
 
Scheme 1.46 Beller’s iron catalyzed regenerable DHPD for hydrogenation 
An analogue of DHPD, 4,5-dihydropyrrolo [1,2-α] quinoxalines I-5361 was also tested in 
Zhou’s group. Again using the condition of [Ru(p-cymene)I2]2 and H2 to regenerate this 
hydrogen source, various benzoxazines I-55 were reduced in high yields and good to 
excellent ee values with the help of chiral phosphoric acid (scheme 1.47). Interestingly, a 
comparison on hydride-transfer ability was conducted as shown in scheme 1.48, the result 
indicated as Hanztsch ester > DHPD > 4,5-dihydropyrrolo [1,2-α] quinoxaline. But the 
authors also argued that different hydride sources have diverse hydride transfer abilities and 
distinct selectivities under specific conditions.  
 
Scheme 1.47 Zhou’s Zhou’s in situ regenerable 4,5-dihydropyrrolo[1,2-a]quinoxalines for 
asymmetric hydrogenation 





Scheme 1.48 Comparison hydride-transfer ability 
 
1.6 Summary 
 As discussed above, various catalytic systems involving different metal centers or 
organo-catalysts have been applied into the transformation of transfer hydrogenation of 
imines. Among them, catalysts base on late transition metal Ir, Ru and Rh are the most widely 
used and studied ones. Formic acid and isopropanol are the two most common hydrogen 
donors in metal catalyzed transfer hydrogenation reactions while Hantzsch ester is generally 
used in organo-catalysts catalyzed transfer hydrogenation of imines. 
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Chapter 2 Asymmetric Transfer Hydrogenation of Imines 
using Alcohol:  Efficiency and Selectivity Are Affected by 
the Hydrogen Donor 
 
2.1 Introduction 
As discussed in Chapter I, transfer hydrogenation of imines represents one of the most 
efficient methods for amine synthesis. Due to the wide use of chiral amines in fine-chemicals 
and pharmaceutical industries, the development of efficient catalytic systems for asymmetric 
transfer hydrogenation (ATH) of imines that directly give chiral amine products is currently a 
hot topic in this area. On the other side, the choice of hydrogen donors for such 
enantioselective transformations is limited, with formic acid or its salts used mostly in the 
literature. Though the great success has been achieved with ATH of ketones using alcohol as 
hydrogen donor, the related ATH of imines using alcohol still proved to be extremely 
challenging. Highly enantioselective variants remained elusive until the recent reports from 
the Beller group45, the Morris group9, 46 and the Yus group18b, 18c. This chapter describes our 
discovery that the efficiency and enantioselectivity of Ir-catalyzed ATH of imines are 
significantly influenced and can be easily tuned by the hydrogen donor chosen. By using a 
unique meso-diol as the hydrogen donor we not only established a highly enantioselective 
ATH of N-Aryl as well as N-benzyl imines, but also provided important insights into the 
mechanism of ATH of imines using alcohol. 
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2.2 Results and Discussion 
2.2.1 Discovery and Reaction Optimization 
Our group reported in 2014 the first example of asymmetric amination of alcohols using 
borrowing hydrogen methodology catalyzed by Ir-complex II-4 and chiral phosphoric acid 
II-5 (Scheme 2.1a)62 we demonstrated that this redox-neutral synthesis methodology could 
produce N-Aryl amines in high enantioselectivity (e.g. II-2a), however, for the synthetically 
more flexible benzyl amine only moderate enantioselectivity could be achieved (85:15 er for 
II-3a). In order to understand the reason behind this difference, N-benzyl imines II-6a was 
prepared and subjected to the transfer hydrogenation reactions as substrate using alcohol as 
hydrogen donor. Though the enantioselectivity remained unsatisfactory (88:12 er; Scheme 
2.1b) after extensive optimization, an interesting discovery was made during an attempt to 
combine asymmetric transfer hydrogenation of II-6a with the desymmetrization of meso-diol 
II-1c. 
Simply by replacing II-1b with II-1c under otherwise identical conditions, amine II-3a 
was obtained in a much higher er of 95:5! This surprising result suggested that the identity of 
the hydrogen donor had a dramatic influence on the selectivity of the transfer hydrogenation. 
This is in contrast to the well-established bifunctional catalysis mechanism of asymmetric 
transfer hydrogenation pioneered by the groups of Noyori and Ikariya, in which the metal 
hydride serve as the reductant and the identity of the hydrogen donor (formic acid or alcohol) 
should play no role in the enantio-determining step. 
 




Scheme 2.1 Identification of the Alcohol Effect in ATH 
 
Inspired by this discovery, a wide range of primary, secondary alcohols and diols that 
containing different substitutes were further tested as hydrogen donors in this transformation. 
As shown in Scheme 2.2, both efficiency and enantioselectivity of ATH of II-6a were clearly 
affected by the alcohol used. Simple benzylic alcohols in general provided high efficiency, 
with an er close to 90:10 in most cases. Dramatic differences in both efficiency and selectivity 
could be observed from by using structurally different diols (II-1f, II-1g, II-1n and II-1c). 
Benzoin II-1o gave no desired amine product at all.  It seems that the diol structure or the 
steric property of II-1c was essential for achieving high reactivity and enantioselectivity. 
Methyl protected II-1c analogue II-1p gave significantly lower amine product yield and a 
lower er of 87:13.A match and mismatch case was also observed when testing different 
enantiomers of II-1c. R,R enantiomer II-1q was the match one and gave a similar result to 
that of II-1c while S,S enantiomer II-1r was the mismatch one that gave only 12.4% yield and 
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75:25 er.  
 
Scheme 2.2 Screening of Hydrogen Donors and Catalysts for ATHa-c 
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Test on using II-1c or II-1o as additive in the presence of isopropanol as hydrogen donor 
was also conducted (Scheme 2.2c). However, no change on enantioselectivity was obtained, 
suggesting the high er value obtained from II-1c was a result of its being hydrogen donor. 
After screening, II-1c remained as the optimal choice for hydrogen donor. 
The match and mismatch relationship between Ir catalyst II-4 and chiral phosphoric acid 
II-5 was studied afterwards. As shown in Scheme 2.2c, the configuration of these two 
catalysts played an essential role in the enantioselectivity determining. If the opposite 
enantiomer of II-4, ent-II-4, was used instead, the other enantiomer of product amine was 
obtained with a er of 80:20. II-4 and II-5 was proved to be the match case in this reaction. 
 
2.2.2 Substrate Scope 
With the best reaction condition, a wide range of N-benzyl imines were tested with a 
direct use of their geometrical isomers. This type of substrate was generally considered to be 
highly challenging. As shown in Sheme 2.3, various substituents including electro-donating or 
electro-with drawing group at different positions were well tolerated for the aryl, 
methyl-containing substrates (II-3a)-(II-3h). The enantioselectivity dropped slightly with 
di-alkyl substituted products II-3i to 87:13. A similar yield (89%) and selectivity (94:6 er) 
were also obtained from para-methoxylbenzyl-protected substrates. 
 
 




Scheme 2.3 Scope of ATH of N-Benzyl Iminesa-b 
 
Interestingly, a similar trend of hydrogen donor effect was observed in the asymmetric 
transfer hydrogenation of N-aryl imines as well (scheme 2.4). Using II-1c as hydrogen donor, 
N-PMP amine II-2a was obtained in a high yield of 88% with an excellent 97:3 er, much 
better than result obtained using isopropanol as hydrogen donor (90% yield, 89:11 er). Again, 
this set of condition could be applied to various N-aryl protected substrates. Aryl, 
methyl-substituted chiral amines (II-2a)-(II-2g) were obtained with excellent selectivity (up 
to 98:2 er)(Scheme 2.5). More significantly, di-alkyl substituted amines II-2h and II-2i could 
also be yielded in excellent er. This method is not limited to chiral amines bearing a methyl 
substituent. Chiral amine II-2j was obtained with a high er of 93:7. Overall, this set of 
reaction condition was proved to be general for both N-aryl and N-alkyl imine substrates and 
represents a rare example of highly enantioselective transfer hydrogenation of imines. 
 




Scheme 2.4 Alcohol Effect on N-Aryl Imines 
 
 
Scheme 2.5 Scope of ATH of N-Aryl Iminesa-b 
 
2.2.3 Mechanism Study 
Efforts were then focused on getting a better understanding of the reaction mechanism of 
this catalytic system. From the literature, a concerted bifunctional catalysis mechanism was 
widely accepted,8d, 63 in the asymmetric transfer hydrogenation of ketones using alcohol with 
the Noyori-Ikariya type complexes. However, recent study preferred a step-wise ion pair 
mechanism for Ru-catalysis, especially when taking the protic solvent effect into 
consideration.64 On the other hand, an alternative anionic mechanism involves activation of 
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imine by an external acid co-catalyst was proposed for the corresponding asymmetric transfer 
hydrogenation of imines.27, 29, 65 In Noyori’s original report on Ru-TsDPEN catalyzed 
symmetric transfer hydrogenation of imnes using formic acid/Et3N as the terminal reductant, 
isopropanol was reported to be unsuitable. In a stoichiometric reaction directly utilize [Ru-H] 
as reductant, an acid co-catalyst was demostrated to be necessary.27 In order to understand the 
reactivity of possible iridium hydride intermediate, II-8 (~2.4:1 dr) was synthesized following 
the procedure reported by the Rauchfuss group66 and subjected into the stoichiometric 
reduction of II-6a (Scheme 2.6a). Similar to the case of Ru-H, Ir-H II-8 alone could not 
reduce II-6a at all. By adding catalytic amount of chiral phosphoric acid, however, an 
efficient and highly selective reduction of II-6a was achieved. 
For the intriguing hydrogen donor effect in our iridium-catalyzed process, we 
hypothesized the following three possible scenarios: 1) the use of different alcohols may lead 
to the formation of Ir-H II-8 in different dr, which in turn results in the difference in ee of the 
chiral amine product. However, by following the stoichiometric reactions of iridium complex 
II-4 and II-1b or II-1c in the absence of imine using NMR, we observed the Ir-H II-8 
formation in a small amount and with the similar dr of 2.1:1 and 2.3:1 (See experimental part). 
This observation ruled out this possibility for the alcohol effect. 2) the diol functionality may 
activate the imine as a general acid (due to its elevated acidity relative to simple alcohol). 3) 
An alternative reducing agent may be operative instead of the iridium hydride. The 
corresponding iridium alkoxide species may reduce the imine directly through a Meerwein–
Ponndorf–Verley (MPV) reduction pathway. Such a possibility has been suggested for 
transfer hydrogenation of ketones using Ir-based catalysts.67 We then turned our attention to 
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the differentiation of the later two possibilities. 
 
Scheme 2.6 Mechanistic Studies for ATH of Iminesa-c 
 
Since Ir-H II-8 was proven to be unreactive under acid-free condition, different alcohols 
were examined for the ATH of imine II-6a without acid co-catalyst (Scheme 2.6b). When 
II-1b was used (even with a higher loading), no conversion to II-3a was observed at all. 
However, benzylic alcohols such as II-1a and II-1d provided the desired product in 
noticeable to moderate yields. Diol II-1g again was ineffective, while diols II-1c, II-1i and 
II-1j that are electronically modified yielded II-3a in good to excellent efficiency, with the 
  PAN HUIJIE 
41 
 
more electron-rich reagent providing the highest reactivity. Clearly the trend of reactivity (e.g., 
II-1c vs. II-1i, II-1j) does not corelate with the acidity of the alcohols utilized. In addition, as 
shown in Scheme 2.6a, by adding II-1c as an addtive, the asymmetric transfer hydrogenation 
of imine using stoichiometric amount of Ir-H II-8 also failed to produce the amine product in 
good efficiency, which ruled out the possibility of II-1c acting as general acid. All these 
observations seemed to support the Ir-alkoxide pathway.  
It is also noteworthy that a similar hydrogen donor effect was not observed in the transfer 
hydrogenation reactions catalyzed by Noyori catalyst II-9, emphasizing the difference of the 
reactivity of Ru- and Ir-based catalysts (Scheme 2.6c). 
An enantiopure diol II-1k was also used to for asymmetric transfer hydrogenation of 
mines in the absence of acid in order to provide further evidence to the iridium alkoxide 
pathway. In this reaction, an achiral iridium complex II-10 was used instead, so that diol 
II-1k was the only source of chirality.68 A low but meaningful er of 56:44 from this test 
clearly indicated a chirality transfer from hydrogen donor to amine product. 
Density functional theory (DFT) method M06-2X69 based on the B3LYP optimized 
geometries of stationary points was also carried out to study the ATH of imines. This part of 
work was done by Zhaoyuan Yu, Chunhui Shan and Dr. Yu Lan in Chongqing University. The 
optimization was carried out in the existence of toluene with C-PCM solvation model,64, 70 and 
the calculated Gibbs free energies based on the structures optimized in toluene are discussed 
below. As depicted in Figure 1a, Ir-alkoxide A (derived from II-4 via TS-A) may reduce the 
activated substrate II-11 via TS-B to form II-12 and II-13 with the regeneration of II-4. 
Alternatively Ir-H B that is formed from II-4 (via TS-C) may reduce the activated imine (Fig. 
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1b, Ir-H pathway).17 The free energy profiles for these processes in toluene were calculated 




Figure 2.1 Free Energy Profiles for the Hydride Transfer. 
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As the data shows, Ir-alkoxide A could be formed from II-4 and II-1a with ease (TS-A, 
12.3 kcal/mol). The hydride transfer from A to II-11 (activated by II-5) could take place via 
transition state TS-B with 26.6 kcal/mol overall activation free energy in toluene, which 
results in the formation of acetophenone II-12 and chiral amine phosphate II-13, together 
with the regeneration of II-4 exothermally. In TS-B, the lengths for the forming N-H bond 
and breaking C-H bond were 1.53 Å and 1.31 Å, respectively. The distance between the 
hydrogen atom in reacting imine and oxygen atom in phosphoric acid moiety was 1.81 Å, 
which indicated a regular hydrogen bond. However, the distance between the hydrogen atom 
in the coordinated ethanediamine ligand and the oxygen atom in phosphoric acid moiety was 
as long as 3.47 Å. Therefore, the hydrogen bond between phosphoric acid moiety and the 
coordinated ethanediamine ligand could not be observed, which could be attributed to the 
repulsion between phosphoric acid and the coordinated diamine. 
Alternatively, Ir-H B could be formed from II-4 and II-1a with the releasing of II-12 via 
transition state TS-C with an activation free energy of 28.7 kcal/mol (higher than that of 
TS-B). In our system, the possible intermediates/TS for the step-wise mechanism of B 
formation64 could not be allocated; the use of iridium-based catalyst and aprotic solvent of 
toluene is believed to be the key factors. Once formed, Ir-H B can reduce the activated imine 
with a very low barrier of 12.2 kcal/mol (TS-D) to form II-13 and regenerate II-4. In TS-D 
H-bond interaction between the acid to the imine could be located, but similar to TS-B, the 
H-bond interaction between oxygen atom in the phosphoric acid and the ethanediamine ligand 
on iridium could not be located. Overall, Ir-H is more effective for the reduction, but the 
formation of Ir-H requires a higher activation barrier. The direct hydride transfer from the 
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iridium alkoxide to the activated imine is thus believed to be operative in this Ir-catalyzed 
ATH of imines. As to the stereoselectivity of this ATH system, it is possible that H-bond 
interactions between the optimal diol II-1c with the catalysts and substrate may partially 
contribute to the enhanced selectivity. More detailed computations on the comparison of 
alcohols/diols (with or without the acid co-catalyst) are ongoing to gain more insights into the 
origin of the stereoselectivity. 
 
2.3 Conclusion 
In conclusion, an unique and unprecedent hydrogen donor effect was discovered. Based 
on this discovery, we have developed a highly selective asymmetic transfer hydrogenation of 
N-Aryl and N-Alkyl ketimines using alcohol as the hydrogen donor catalyzed by a chiral 
iridium complex in cooperation with a chiral phosphoric acid. Based on the experimental 
study and DFT calculation, a mechanism involving a direct reduction from iridium alkoxide 
was proposed. 
2.4 Experimental Part 
2.4.1 General Information 
1H and 13C NMR spectra were recorded on a Bruker AFC 300 (300 MHz) or AMX500 
(500 MHz) spectrometer. Chemical shifts were reported in parts per million (ppm), and the 
residual solvent peak was used as an internal reference: 1H (chloroform δ 7.26), 13C 
(chloroform δ 77.16). Data are reported as follows: chemical shift, multiplicity (s = singlet, d 
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= doublet, t = triplet, q = quartet, m = multiplet, br = broad), coupling constants (Hz) and 
integration. For thin layer chromatography (TLC), Merck pre-coated TLC plates (Merck 60 
F254) were used, and compounds were visualized with a UV light at 254 nm. Optical 
rotations were recorded on an mrc AP81 automatic polarimeter. Enantiomeric excesses (ee) 
were determined by HPLC analysis on Shimadzu HPLC units, including the following 
instruments: pump, LC-20AD; detector, SPD-20A; column, Chiralcel OD-H or OJ-H, 
Chiralpak AS-H or AD-H. 
Unless otherwise noted, all the reactions were set up using standard Schlenk techniques 
or in a nitrogen-filled glovebox. Dichloromethane, diethyl ether, THF, and toluene were dried 
over a Pure Solv solvent purification system. Isopropanol and t-amyl alcohol were dried over 
molecular sieves (3 Å). Deuterated solvents were purchased from Cambridge Isotope 
Laboratories and dried over molecular sieves (3 Å). Iridium catalysts II-4, II-10, iridium 
hydride complex II-8, chiral phosphoric acid II-5 and meso-diols II-1i and II-1j were 
prepared by literature procedures. Other chemicals were purchased from commercial 
suppliers and used as received without further purification. 
2.4.2. General procedure for transfer hydrogenation of imine 
In a nitrogen-filled glovebox, a 4 mL oven-dried sample vial was charged with imine 
(0.2 mmol), meso-hydrobenzoin II-1c (128 mg, 0.600 mmol), Ir catalyst II-4 (7.5 mg, 0.010 
mmol), chiral phosphoric acid II-5 (7.5 mg, 0.010 mmol), 1.0 mL of toluene, and then sealed 
with a screw cap. The reaction mixture was taken outside the glovebox and heated to 80 ℃ 
for 24 h, after which the mixture was cooled to room temperature. All the volatiles were 
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removed under vacuum. Purification by flash chromatography afforded the target products in 
pure form. 
2.4.3. Stoichiometric reactions with Ir-H  
 
Procedure: II-6a (10.5 mg, 0.05 mmol), Ir-H II-8 (38.0 mg, 0.05 mmol), additive and 
0.5 mL anhydrous toluene were added to a 4 mL vial in a N2-filled glovebox. The mixture was 
taken outside the glovebox and allowed to stir at 80 ℃ or room temperature. The crude 
reaction mixture was filtered through a pack of silica gel and diluted with ethyl acetate. 
N-dodecane was added as the internal standard. The yields were determined by GC and 
enantioselectivity was determined by chiral HPLC using chiral OD column. 
 
2.4.4. Test on dr of Ir-H generated from different alcohols 
Procedure: 15.0 mg II-4 and 2 equiv. alcohol (IPA or meso-diol II-1c) were dissolved in 
0.6 mL d-8 toluene and sealed in J Yong NMR tube under N2. This mixture was subjected to 
NMR and was scanned at 80 ℃ for around 0.5 h. 
 





2.4.5. Characterization of compounds 
 
(S)-N-benzyl-α-methylbenzylamine  
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Colorless oil, 38.0 mg, 90% yield. 1H NMR (500 MHz, CDCl3) δ 1.44 (d, J = 6.6 Hz, 
3H), 1.73 (br, 1H), 3.66 (d, J = 13.2 Hz, 1H), 3.74 (d, J = 13.2 Hz, 1H), 3.88 (q, J = 6.6 Hz, 
1H), 7.30-7.45 (m, 10H). 13C NMR (125 MHz, CDCl3) δ 24.6, 51.7, 57.6, 126.8, 126.9, 127.0, 
128.2, 128.4, 128.6, 140.7, 145.6. 
Optical Rotation: [α]25D = -2.3
o (c = 0.50, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 95:5 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, flow 
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Colorless oil, 39.6 mg, 88% yield. 1H NMR (500 MHz, CDCl3) δ 1.40 (d, J = 6.6 Hz, 
3H), 1.70 (br, 1H), 2.39 (s, 3H), 3.62 (d, J = 13.1 Hz, 1H), 3.70 (d, J = 13.1 Hz, 1H), 3.83 (q, 
J = 6.6 Hz, 1H), 7.20-7.37 (m, 9H). 13C NMR (125 MHz, CDCl3) δ 21.2, 24.6, 51.7, 57.3, 
126.7, 126.9, 128.3, 128.5, 129.3, 136.6, 140.8, 142.6. 
Optical Rotation: [α]25D = -65.5
o (c = 0.31, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 95:5 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, flow 









Colorless oil, 41.0 mg, 85% yield. 1H NMR (500 MHz, CDCl3) δ 1.36 (d, J = 6.6 Hz, 
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3H), 1.73 (br, 1H), 3.59 (d, J = 13.3 Hz, 1H), 3.66 (d, J = 13.3 Hz, 1H), 3.78 (q, J = 6.6 Hz, 
1H), 3.82 (s, 3H), 6.90 (d, J = 8.7 Hz, 2H), 7.23-7.34 (m, 7H). 13C NMR (125 MHz, CDCl3) δ 
24.6, 51.7, 55.4, 56.9, 114.0, 127.0, 127.9, 128.3, 128.5, 137.7, 140.7, 158.7. 
Optical Rotation: [α]25D = -68.5
o (c = 0.32, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 94:6 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 95:5, flow 
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Colorless oil, 44.6 mg, 80% yield. 1H NMR (500 MHz, CDCl3) δ 1.37 (d, J = 6.7 Hz, 
3H), 1.70 (br, 1H), 3.59 (d, J = 13.2 Hz, 1H), 3.65 (d, J = 13.2 Hz, 1H), 3.89 (q, J = 6.6 Hz, 
1H), 7.24-7.34 (m, 5H), 7.50 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 8.1 Hz, 2H). 13C NMR (125 
MHz, CDCl3) δ 24.7, 51.8, 57.4, 121.2, 123.4, 124.4 (q, J = 270.3 Hz), 125.6 (q, J = 3.8 Hz), 
127.1, 127.2, 128.2, 128.6, 129.4 (q, J = 32.1 Hz), 140.3, 149.9.  
Optical Rotation: [α]25D = -30.3
o (c = 0.45, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 93.5:6.5 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, 
flow rate = 0.5 ml/min, wavelength = 220 nm, tR = 12.2 min for minor isomer, tR = 15.7 min 







Colorless oil, 36.9 mg, 82% yield. 1H NMR (500 MHz, CDCl3) δ 1.41 (d, J = 6.6 Hz, 
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3H), 1.65 (br, 1H), 2.41 (s, 3H), 3.61 (d, J = 13.2 Hz, 1H), 3.67 (d, J = 13.2 Hz, 1H), 3.83 (q, 
J = 6.6 Hz, 1H), 7.11-7.37 (m, 9H). 13C NMR (125 MHz, CDCl3) δ 21.6, 24.6, 51.8, 57.6, 
123.9, 126.9, 127.5, 127.8, 128.2, 128.5, 138.1, 140.8, 145.7. HRMS: calcd. for (M+H)+ m/z 
226.1596, found (M+H)+ m/z 226.1591. 
Optical Rotation: [α]25D = -68.5
o (c = 0.27, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the analogy compound reported in the 
literature. 95.5:4.5 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, 
flow rate = 0.5 ml/min, wavelength = 220 nm, tR = 10.6 min for minor isomer, tR = 11.3 min 








Colorless oil, 46.2 mg, 80% yield. 1H NMR (500 MHz, CDCl3) δ 1.38 (d, J = 6.6 Hz, 
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3H), 1.62 (br, 1H), 3.62 (d, J = 13.2 Hz, 1H), 3.69 (d, J = 13.2 Hz, 1H), 3.80 (q, J = 6.6 Hz, 
1H), 7.22-7.57 (m, 9H). 13C NMR (125 MHz, CDCl3) δ 24.6, 51.8, 57.2, 122.8, 125.5, 127.1, 
128.2, 128.5, 129.9, 130.1, 130.2, 140.5, 148.3. HRMS: calcd. for (M+H)+ m/z 290.0544, 
found (M+H)+ m/z 290.0545. 
Optical Rotation: [α]25D = -39.5
o (c = 0.40, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the analogy compound reported in the 
literature. 95:5 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, flow 









Colorless oil, 44.4 mg, 85% yield. 1H NMR (500 MHz, CDCl3) δ 1.51 (d, J = 6.6 Hz, 
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3H), 1.81 (br, 1H), 3.69 (d, J = 13.2 Hz, 1H), 3.75 (d, J = 13.2 Hz, 1H), 4.04 (q, J = 6.6 Hz, 
1H), 7.29-7.91 (m, 12H). 13C NMR (125 MHz, CDCl3) δ 24.6, 51.8, 57.7, 125.0, 125.5, 125.6, 
126.1, 127.0, 127.8, 127.9, 128.3, 128.4, 128.5, 133.0, 133.6, 140.7, 143.1. 
Optical Rotation: [α]25D = -59.5
o (c = 0.47, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 96:4 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, flow 










Colorless oil, 30.5 mg, 76% yield. 1H NMR (500 MHz, CDCl3) δ 1.45 (d, J = 6.6 Hz, 
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3H), 1.76 (br, 1H), 3.68 (d, J = 13.1 Hz, 1H), 3.76 (d, J = 13.1 Hz, 1H), 3.91 (q, J = 6.6 Hz, 
1H), 6.19 (d, J = 3.2 Hz, 1H), 6.34-6.35 (m, 1H), 7.25-7.39 (m, 6H). 13C NMR (125 MHz, 
CDCl3) δ 20.5, 50.6, 51.2, 105.5, 110.0, 127.0, 128.3, 128.5, 140.4, 141.5, 157.9. 
Optical Rotation: [α]25D = -63.5
o (c = 0.37, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 87:13 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, flow 
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Colorless oil, 26.6 mg, 75% yield. 1H NMR (500 MHz, CDCl3) δ 0.90 (d, J = 6.8 Hz, 
3H), 0.92 (d, J = 6.8 Hz, 3H), 1.02 (d, J = 6.5 Hz, 3H), 1.41 (br, 1H), 1.71-1.78 (m, 1H), 
2.51-2.56 (m, 1H), 3.72 (d, J = 13.1 Hz, 1H), 3.83 (d, J = 13.1 Hz, 1H), 7.24-7.27 (m, 1H), 
7.31-7.35 (m, 4H). 13C NMR (125 MHz, CDCl3) δ 16.1, 17.4, 19.4, 32.3, 51.7, 57.7, 126.9, 
128.2, 128.4, 141.2. 
Optical Rotation: [α]25D = 25.2
o (c = 0.27, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 87:13 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, flow 







Colorless oil, 42.9 mg, 89% yield. 1H NMR (500 MHz, CDCl3) δ 1.38 (d, J = 6.6 Hz, 
3H), 1.76 (br, H), 3.55 (d, J = 12.9 Hz, 1H), 3.62 (d, J = 12.9 Hz, 1H), 3.81 (s, 3H), 3.82 (q, J 
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= 6.6 Hz, 1H), 6.87 (d, J = 8.6, 2H), 7.22 (d, J = 8.5, 2H), 7.27-7.29 (m, 1H), 7.35-7.37 (m, 
4H). 13C NMR (125 MHz, CDCl3) δ 24.6, 51.1, 55.4, 57.5, 113.9, 126.8, 127.0, 128.6, 129.4, 
132.9, 145.7, 158.7. 
Optical Rotation: [α]25D = -31.3
o (c = 0.50, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 94:6 er (HPLC condition: Chiralcel AS-H column, n-hexane/i-PrOH = 99:1, flow 









Yellow oil, 40.0 mg, 88% yield. 1H NMR (500 MHz, CDCl3) δ 1.53 (d, J = 6.7 Hz, 3H), 
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3.72 (s, 3H), 4.45 (q, J = 6.7 Hz, 1H), 6.51 (d, J = 8.9 Hz, 2H), 6.73 (d, J = 8.9 Hz, 2H), 7.26 
(t, J = 7.2 Hz, 1H), 7.35 (t, J = 7.8 Hz, 2H), 7.40 (d, J = 7.2 Hz, 2H). 13C NMR (125 MHz, 
CDCl3) δ 25.1, 54.5, 55.8, 114.8, 114.9, 126.0, 126.9, 128.7, 141.5, 145.5, 152.1.  
Optical Rotation: [α]25D = -2.3
o (c = 0.50, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 96.5:3.5 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 98:2, 
flow rate = 0.5 ml/min, wavelength = 254 nm, tR = 22.9 min for minor isomer, tR = 25.9 min 








Yellow wax, 41.0 mg, 85% yield. 1H NMR (500 MHz, CDCl3) δ 1.53 (d, J = 6.8 Hz, 3H), 
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2.37 (s, 3H), 3.73 (s, 3H), 4.43 (q, J = 6.7 Hz, 1H), 6.53 (d, J = 8.9 Hz, 2H), 6.74 (d, J = 8.9 
Hz, 2H), 7.17 (d, J = 7.9 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 
21.2, 25.2, 54.1, 55.8, 114.7, 114.9, 125.9, 129.4, 136.4, 141.7, 142.5, 152.0. 
Optical Rotation: [α]25D = -23.0 (c = 0.47, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 98:2 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 98:2, flow 









Yellow wax, 36.0 mg, 70% yield. 1H NMR (500 MHz, CDCl3) δ 1.49 (d, J = 6.7 Hz, 3H), 
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3.71 (s, 3H), 3.80 (s, 3H), 4.39 (q, J = 6.7 Hz, 1H), 6.50 (d, J = 8.9, 2H), 6.71 (d, J = 8.9, 2H), 
6.87 (d, J = 8.7, 2H), 7.29 (d, J = 8.7, 2H). 13C NMR (125 MHz, CDCl3) δ 25.1, 53.8, 55.3, 
55.8, 114.1, 114.8, 114.9, 127.1, 137.6, 141.6, 152.1, 158.6. 
Optical Rotation: [α]25D = -17.7 (c = 0.35, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 98:2 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 98:2, flow 








(S)-4-Methoxy-N-1-[4-(trifluoromethyl)phenyl]ethyl aniline  
Yellow wax, 38.9 mg, 66% yield. 1H NMR (500 MHz, CDCl3) δ 1.51 (d, J = 6.8 Hz, 3H), 
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3.70 (s, 3H), 4.46 (q, J = 6.7 Hz, 1H), 6.43 (d, J = 8.9, 2H), 6.70 (d, J = 8.9, 2H), 7.49 (d, J = 
8.2 Hz, 2H), 7.58 (d, J = 8.2 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 25.1, 54.4, 55.8, 114.9, 
115.0, 124.4 (q, JCF = 270.2 Hz), 125.8(q, JCF = 3.7 Hz), 126.4, 129.3 (q, JCF = 32.1 Hz), 
140.9, 149.7, 152.5. 
Optical Rotation: [α]25D = -14.2 (c = 0.29, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 96:4 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 98:2, flow 








Yellow wax, 45.8 mg, 75% yield. 1H NMR (500 MHz, CDCl3) δ 1.49 (d, J = 6.7 Hz, 3H), 
  PAN HUIJIE 
62 
 
3.71 (s, 3H), 4.37 (q, J = 6.6 Hz, 1H), 6.46 (d, J = 8.6 Hz, 2H), 6.70 (d, J = 8.9 Hz, 2H), 7.18 
(t, J = 7.8 Hz, 1H), 7.30 (d, J = 7.7 Hz, 1H), 7.36 (d, J = 7.8 Hz, 1H), 7.53 (s, 1H). 13C NMR 
(125 MHz, CDCl3) δ 25.2, 54.3, 55.9, 114.8, 114.9, 122.9, 130.1, 141.1, 148.2, 152.4. 
Optical Rotation: [α]25D = -5.1 (c = 0.48, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 95:5 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 98:2, flow 









Yellow oil, 26.0 mg, 60% yield. 1H NMR (500 MHz, CDCl3) δ 1.54 (d, J = 6.7 Hz, 3H), 
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3.74 (s, 3H), 4.56 (q, J = 6.7 Hz, 1H), 6.15 (d, J = 3.2 Hz, 2H), 6.28-6.29 (m, 1H), 6.61 (d, J 
= 8.9 Hz, 2H), 6.77 (d, J = 8.9 Hz, 2H), 7.33-7.34 (m, 1H). 13C NMR (125 MHz, CDCl3) δ 
21.0, 48.6, 55.8,, 105.2, 110.2, 114.9, 115.4, 141.2, 141.5, 152.6, 157.6.  
Optical Rotation: [α]25D = -91.7
o (c = 0.27, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 88:12 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 98:2, flow 









Yellow oil, 47.1 mg, 85% yield. 1H NMR (500 MHz, CDCl3) δ 1.60 (d, J = 6.8 Hz, 3H), 
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3.70 (s, 3H), 4.60 (q, J = 6.7 Hz, 1H), 6.56 (d, J = 8.9, 2H), 6.70 (d, J = 8.9, 2H), 7.44-7.54 
(m, 3H), 7.81-7.85 (m, 4H). 13C NMR (125 MHz, CDCl3) δ 25.1, 54.8, 55.8, 114.9, 115.0, 
124.5, 124.6, 125.6, 126.1, 127.8, 128.0, 128.6, 132.9, 133.7, 141.4, 143.0, 152.2. 
Optical Rotation: [α]25D = -21.1 (c = 0.45, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 98:2 er (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, flow 









Colorless oil, 30.9 mg, 80% yield. 1H NMR (500 MHz, CDCl3) δ 0.91 (d, J = 6.8 Hz, 
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3H), 0.97 (d, J = 6.9 Hz, 3H), 1.08 (d, J = 6.5 Hz, 3H), 1.84 (m, 1H), 3.26 (m, 1H), 3.75 (s, 
3H), 6.56 (d, J = 8.9 Hz, 2H), 6.78 (d, J = 8.9 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 16.6, 
17.4, 19.4, 32.2, 54.6, 55.9, 114.7, 115.0, 142.2, 151.8. 
Optical Rotation: [α]25D = +40.2 (c = 0.33, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 98:2 er (HPLC condition: Chiralpak OD-H column, n-hexane/i-PrOH = 98:2, flow 









Colorless oil, 33.1 mg, 80% yield. 1H NMR (500 MHz, CDCl3) δ 0.91 (t, J = 7.1 Hz, 
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3H), 1.16 (d, J = 6.3 Hz, 3H), 1.31-1.43 (m, 5H), 1.55-1.59 (m, 1H), 3.37 (m, 1H), 3.75 (s, 
3H), 6.56 (d, J = 8.9, 2H), 6.79 (d, J = 8.9, 2H). 13C NMR (125 MHz, CDCl3) δ 14.2, 20.9, 
22.9, 28.5, 37.0, 49.5, 55.8, 114.7, 115.0, 142.0, 151.8. 
Optical Rotation: [α]25D = +14.7 (c = 0.35, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 96.5:3.5 er (HPLC condition: Chiralcel OD-H, n-hexane/i-PrOH = 99:1, flow rate 









Yellow oil, 37.2 mg, 73% yield. 1H NMR (500 MHz, CDCl3) δ 0.96 (t, J = 7.4 Hz, 3H), 
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1.75-1.89 (m, 2H), 3.72 (s, 3H), 3.80 (s, 3H), 4.14 (t, J = 6.7 Hz, 1H), 6.52 (d, J = 8.9, 2H), 
6.73 (d, J = 8.9, 2H), 6.89 (d, J = 8.7, 2H), 7.28 (d, J = 8.6, 2H). 13C NMR (125 MHz, CDCl3) 
δ 10.9, 31.8, 55.3, 55.8, 60.0, 113.9, 114.6, 114.8, 127.6, 136.2, 142.0, 151.9, 158.5. 
Optical Rotation: [α]25D = -40.3 (c = 0.38, CHCl3). The absolute configuration was 
assigned by comparing its specific rotation with that of the same compound reported in the 
literature. 92.5:7.5 er (HPLC condition: Chiralcel OD-H, n-hexane/i-PrOH = 98:2, flow rate 
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Chapter 3 Iron-Catalyzed Transfer Hydrogenation of 
Imine Assisted by Iron-Based Lewis Acid 
 
3.1 Introduction  
In recent decades, the concept of “Green Chemistry” is getting more and more popular in 
chemical society. Our group also devoted much effort to make our chemistry more 
environmentally friendly. In the context of amine synthesis via reduction, Typical imine 
reduction methods involve stoichiometric amount of reducing agents such as borohydrides, 
which suffer from drawbacks such as toxicity and wastes generation.71 Recent efforts were 
devoted to the development of catalytic methods using “greener” reducing reagents such as 
molecular hydrogen, silane or formic acid. As reviewed in chapter I, transfer hydrogenation of 
imines is among the most popular ways for amine synthesis. However, most of the catalytic 
systems for this transformation are based on precious and toxic late transition metals such as 
Ir, Ru and Rh. Hence, catalysis based on bio-common, cheap and abundant metals is highly 
desired in the development of green catalysis. The Beller45 group and the Morris group9, 46 
have developed highly effective iron-catalyzed enantioselective imine transfer hydrogenation 
using isopropanol as the reducing agent. In both cases activated imines such as phosphinoyl 
imines were necessary to achieve high efficiency, while simple N-Aryl and N-Alkyl imines 
were reported to be inert under these conditions. 
 




Scheme 3.1 Iron Complexes Reported for Transfer Hydrogenation of imine 
 
After we have demonstrated the our efficient Ir-catalyzed asymmetric transfer 
hydrogenation of imines, our attention was drawn by the idea of replacing late transition 
metal catalysts with base metal catalysts for the same reaction. Iron became the top choice 
due to its abundance and low toxicity. Among the well-developed iron complex systems, 
Knölker’s complex III-172 has proved to be efficient in hydrogenation of ketones73 and 
imines45, 74 as well as in transfer hydrogenation of ketones.75 It is noteworthy that the 
application of Knölker’s complex in transfer hydrogenation of N-Aryl and N-Alkyl ketimine 
substrates is still not well studied. The Funk group reported that complex III-2, which can be 
converted into the active complex III-1 during reaction, was not efficient even towards simple 
aldamine substrates (67% conversion after 3 days).76 Therefore, we would like to explore the 
use of III-1 in transfer hydrogenation in more details. This chapter described our discovery 
that with the activation of Lewis acid Fe(acac)3, complex III-2 could efficiently reduce 
N-Aryl and N-Alkyl imines to their corresponding amine product using isopropanol as 
hydrogen donor. 
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3.2 Results and Discussions 
3.2.1 Reaction Optimization 
Ketimine III-4a was chose as the model substrate in our research. The direct use of 
Knölker’s iron hydride complex III-1 produced III-5a in moderate yield (entry 2). However, 
when Funk’s catalyst III-2 was used instead of III-1, no desired product was obtained after 
24 hours at 80 ℃ (entry 1, Table 3.1). According to literature precedents such as Beller’s 
example of iron catalyzed hydrogenation of imines and our own experience in amination 
reactions, it seems like activation of imine could play an important role in imine reduction 
involving metal hydrides. Therefore, we firstly tested some Brønsted acids as additive in our 
reaction. To our disappointment, only small amount of desired product was formed; instead, 
the side product III-6 was obtained in high yield, as a result of acid-catalyzed transamination 
followed by reduction (entries 3-6). When Lewis acid AgF was applied to the reaction, 
significant amount of III-6 was also formed (entry 7), facing a similar situation as Brønsted 
acid. These results made us realize that a proper acidity of the additives may be essential to 
get a balance between activation and side product formation. 
 
Table 3.1 Screening of Brønsted and Lewis acid additives for THa 
 





1 III-2 \ 80 <2 <2 
2 III-1 \ 80 49 2 
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3 III-1 HCOOH 80 8 29 
4 III-1 P-acid 80 2 44 
5 III-1 TsOH 80 9 18 
6 III-1 (COOH)2 80 <2 24 
7 III-1 AgF 80 26 74 
8 III-1 CuCl2 80 2 <2 
9 III-1 Cu(OAc)2 80 2 8 
10 III-1 Cu(OTf)2 80 37 55 
11 III-1 CuCl 80 25 6 
12 III-1 CuI 80 12 2 
13 III-1 Ag2O 80 60 8 
14 III-1 AgOTf 80 31 57 
15 III-1 AgSbF6 80 10 67 
16 III-1 Ni(dppp)Cl2 80 2 7 
17 III-1 Ni(acac)2 80 29 <2 
18 III-1 Fe(OAc)2 80 57 21 
19 III-1 FeCl2 80 12 60 
20 III-1 FeBr3 80 3 <2 
21 III-1 FeBr2 80 8 36 




Fe(acac)3 100 99 <2 
24c \ Fe(acac)3 100 <2 <2 








Fe(acac)3 110 99 <2 
aReaction conditions: imine III-4a (0.2 mmol), III-1 (0.02 mmol), additive (0.04 mmol) and 
isopropanol (0.5 mL) were stirred under N2. 
bYield determined by GC with n-dodecane as the 
internal standard. c48 h reaction. d72 h reaction. 
 
Various Lewis acids were tested afterwards (entries 8-22). In general, strong Lewis acids 
such as triflate and antimonate salts all lead to the formation of side product III-6 as the major 
product (entries 10, 14 and 15). On the other hand, Some simple metal halides such as CuCl2, 
CuCl and FeBr3 significantly reduced the catalytic reactivity, giving neither desired product 
nor side product (entries 8, 11, 12 and 20). Fe(acac)3, however, was found to be the optimal 
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additive in this transformation (entry 22) that selectively enhanced the reaction yielding only 
the desired product . When the temperature was increased to 100 ℃, quantitative yield could 
be achieved even with lower loading of III-1 (entry 23). Control reaction without catalyst 
III-1 did not yield any desired product, showing evidence that III-1 was responsible for the 
hydride transfer (entry 24). Different from Knölker’s iron hydride complex that is 
air-sensitive, its modified version III-2 by Funk’s group was reported to be air-stable and can 
be stored open to air at room temperature. To our delight, the acceleration effect achieved by 
the addition of Lewis acid in this transfer hydrogenation reaction was more competent when 
III-2 was used as catalyst. Without the addition of a Lewis acid at 100 ℃, only 9% of desired 
product III-5a was obtained after 3 days (entry 25). In contrast, 86% of product was obtained 
using 10 mol% Fe(acac)3 after 2 days (entry 26). Further increment of temperature to 110 ℃ 
gave quantitative yield after 2 days (entry 27). 
 
3.2.2 Substrate Scope 
After the optimization and with the best condition in hand, we turn to test all kinds of 
substrates. As shown in table 3.2, a wide range of N-Aryl imines could be reduced to the 
corresponding secondary amines in high to excellent yields. Though functional groups such as 
electron donating groups were well tolerated on aryl containing substrates (entry 2, 3), 
surprisingly electron withdrawing groups made this transformation less efficient (entry 4, 5), 
with significant amounts of starting material remaining. Various di-alkyl substituted amine 
product were also obtained in high efficiency.  
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Table 3.2 Transfer hydrogenation of N-Aryl iminesa 
 
Entry R1 R2 Product 
Yieldb 
(%) 
1 phenyl Me III-5a 97 
2 4-methoxyphenyl Me III-5b 98 
3 4-methylphenyl Me III-5c 99 
4 3-bromophenyl Me III-5d 44 
5 4-CF3-phenyl Me III-5e 55 
6 2-naphthyl Me III-5f 99 
7 2-furyl Me III-5g 94 
8 n-butyl Me III-5h 92 
9 isopropyl Me III-5i 97 
10 4-methylphenyl Et III-5j 99 
11 phenyl phenyl III-5k 38 
a reaction condion: imine III-4 (0.4 mmol), III-2 (0.02 mmol), additive (0.04 mmol) and 
isopropanol (1.0 mL) were stirred under N2 at 110 ℃ for 48 h. b Isolated yield. 
 
A wide range of N-alkyl imines also proved to be suitable substrates for this catalytic 
system (Table 3.3). Again various aryl, alkyl- or alkyl, alkyl-substituted products could all be 
obtained in high to excellent yields (entries 1-11). Substituents on the nitrogen include the 
synthetically useful benzyl or PMB as well as simple alkyl ones (entries 12-13).  Cyclic 
amine such as III-5y could also be obtained in excellent yield (entry 14). 
Attempts at enantioselective transfer hydrogenation of imine using a chiral Lewis acid 
was also carried out. As shown in Scheme 3.2, by using R-BINAP as the ligand with silver 
oxide, a moderate yield of 47% and 11% ee could be obtained for III-5a.  
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Table 3.3 Transfer Hydrogenation of N-Alkyl iminesa 
 
Entry R1 R2 R3 Product 
Yieldb 
(%) 
1 phenyl Me Bn III-5l 97 
2 4-methoxyphenyl Me Bn III-5m 96 
3 4-methylphehyl Me Bn III-5n 94 
4 4-CF3-phenyl Me Bn III-5o 67 
5 3-methylphenyl Me Bn III-5p 77 
6 3-bromophenyl Me Bn III-5q 53 
7 2-methoxyphenyl Me Bn III-5r 83 
8 2-naphthyl Me Bn III-5s 97 
9 2-furyl Me Bn III-5t 94 
10 phenyl Et Bn III-5u 98 
11 isopropyl Me Bn III-5v 84 
12 phenyl Me PMB III-5w 99 




a reaction condion: imine III-4 (0.4 mmol), III-2 (0.02 mmol), additive (0.04 mmol) and 




Scheme 3.2 Transfer Hydrogenation of Imine Using Chiral Lewis Acid 
 
3.2.3 Proposed Mechanism 
A borrowing hydrogen mechanism is proposed based on literature precedents and our 
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observation (Scheme 3.3). Upon heating, catalyst III-2 loses PhCN to form III-2’. III-2’ 
subsequently reacts with isopropanol to form the reactive iron hydride complex III-1. The 
imine substrate is reduced to the amine product afterwards with aid of a Lewis acid Fe(acac)3. 
In the meanwhile, intermediate III-2’is regenerated . 
 
Scheme 3.3 Proposed Mechanism 
 
3.3 Conclusions 
We have successfully developed an efficient iron-catalyzed transfer hydrogenation of 
various N-Aryl and N-Alkyl ketimines using isopropanol as the hydrogen donor. The choice 
of a proper Lewis acid is the key to avoid side reactions and achieve high yield 
simultaneously. Fe(acac)3, a commercially available and cheap complex and air-stable iron 
complexes III-2 worked cooperatively to achieve a highly efficient, precious metal-free 
transfer hydrogenation of imines. 
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3.4 Experimental section 
3.4.1 General information 
1H and 13C NMR spectra were recorded on a Bruker AFC 300 (300 MHz) or AMX500 
(500 MHz) spectrometer. Chemical shifts were reported in parts per million (ppm), and the 
residual solvent peak was used as an internal reference: 1H (chloroform δ 7.26), 13C 
(chloroform δ 77.00). Data are reported as follows: chemical shift, multiplicity (s = singlet, d 
= doublet, t = triplet, q = quartet, m = multiplet, br = broad), coupling constants (Hz) and 
integration. For thin layer chromatography (TLC), Merck pre-coated TLC plates (Merck 60 
F254) were used, and compounds were visualized with a UV light at 254nm.  
 
3.4.2 General procedure for transfer hydrogenation of imine 
In a nitrogen-filled glovebox, a 4 mL oven-dried sample vial was charged with imine 
(0.4 mmol), III-2 (10.2 mg, 0.02 mmol), Fe(acac)3 (14.1 mg, 0.04 mmol), 1.0 mL of 
isopropanol, and then sealed with a screw cap. The reaction mixture was taken outside the 
glovebox and heated to 110 ℃ for 48 h, after which the mixture was cooled to room 
temperature. All the volatiles were removed under vacuum. Purification by flash 
chromatography (Hexane : EA = 20 : 1) afforded the target products in pure form. 
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3.4.3 Characterization of compounds 
4-Methoxy-N-(1-phenylethyl)aniline  
Yellow oil, 88.1 mg, 97% yield. 1H NMR (500 MHz, CDCl3) δ 1.53 
(d, J = 6.7 Hz, 3H), 3.72 (s, 3H), 4.45 (q, J = 6.7 Hz, 1H), 6.51 (d, J = 
8.9 Hz, 2H), 6.73 (d, J = 8.9 Hz, 2H), 7.26 (t, J = 7.2 Hz, 1H), 7.35 (t, 
J = 7.8 Hz, 2H), 7.40 (d, J = 7.2 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 25.1, 54.5, 55.8, 
114.8, 114.9, 126.0, 126.9, 128.7, 141.5, 145.5, 152.1.  




Yellow oil, 100.7 mg, 98% yield. 1H NMR (500 MHz, CDCl3) 
δ 1.49 (d, J = 6.7 Hz, 3H), 3.71 (s, 3H), 3.80 (s, 3H), 4.39 (q, J 
= 6.7 Hz, 1H), 6.50 (d, J = 8.9, 2H), 6.71 (d, J = 8.9, 2H), 6.87 
(d, J = 8.7, 2H), 7.29 (d, J = 8.7, 2H). 13C NMR (125 MHz, CDCl3) δ 25.1, 53.8, 55.3, 55.8, 
114.1, 114.8, 114.9, 127.1, 137.6, 141.6, 152.1, 158.6. 
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 4-Methoxy-N-(1-p-tolylethyl)aniline  
Yellow oil, 95.4 mg, 99% yield. 1H NMR (500 MHz, CDCl3) δ 
1.53 (d, J = 6.8 Hz, 3H), 2.37 (s, 3H), 3.73 (s, 3H), 4.43 (q, J = 
6.7 Hz, 1H), 6.53 (d, J = 8.9 Hz, 2H), 6.74 (d, J = 8.9 Hz, 2H), 
7.17 (d, J = 7.9 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H). 13C NMR 




Yellow oil, 53.7 mg, 44% yield. 1H NMR (500 MHz, CDCl3) δ 
1.49 (d, J = 6.7 Hz, 3H), 3.71 (s, 3H), 4.37 (q, J = 6.6 Hz, 1H), 
6.46 (d, J = 8.6 Hz, 2H), 6.70 (d, J = 8.9 Hz, 2H), 7.18 (t, J = 7.8 
Hz, 1H), 7.30 (d, J = 7.7 Hz, 1H), 7.36 (d, J = 7.8 Hz, 1H), 7.53 (s, 1H). 13C NMR (125 MHz, 
CDCl3) δ 25.0, 54.1, 55.7, 114.7, 114.8, 122.8, 124.6, 129.0, 130.0, 130.2, 140.9, 148.0, 
152.2. 
 
4-Methoxy-N-1-[4-(trifluoromethyl)phenyl]ethyl aniline  
Yellow oil, 64.9 mg, 44% yield. 1H NMR (500 MHz, CDCl3) δ 
1.51 (d, J = 6.8 Hz, 3H), 3.70 (s, 3H), 4.46 (q, J = 6.7 Hz, 1H), 
6.43 (d, J = 8.9, 2H), 6.70 (d, J = 8.9, 2H), 7.49 (d, J = 8.2 Hz, 
2H), 7.58 (d, J = 8.2 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 
25.1, 54.4, 55.8, 114.9, 115.0, 124.4 (q, JCF = 270.2 Hz), 125.8(q, JCF = 3.7 Hz), 126.4, 129.3 
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(q, JCF = 32.1 Hz), 140.9, 149.7, 152.5. 19F NMR (282 MHz, CDCl3) δ -62.29 (3F). 
 
4-Methoxy-N-(1-(naphthalen-2-yl)ethyl)aniline 
Yellow oil, 109.7 mg, 99% yield. 1H NMR (500 MHz, CDCl3) δ 
1.60 (d, J = 6.8 Hz, 3H), 3.70 (s, 3H), 4.60 (q, J = 6.7 Hz, 1H), 
6.56 (d, J = 8.9, 2H), 6.70 (d, J = 8.9, 2H), 7.44-7.54 (m, 3H), 
7.81-7.85 (m, 4H). 13C NMR (125 MHz, CDCl3) δ 25.1, 54.8, 




Yellow oil, 81.6 mg, 94% yield. 1H NMR (500 MHz, CDCl3) δ 1.54 (d, 
J = 6.7 Hz, 3H), 3.74 (s, 3H), 4.56 (q, J = 6.7 Hz, 1H), 6.15 (d, J = 3.2 
Hz, 1H), 6.28-6.29 (m, 1H), 6.61 (d, J = 8.9 Hz, 2H), 6.77 (d, J = 8.9 
Hz, 2H), 7.33-7.34 (m, 1H). 13C NMR (125 MHz, CDCl3) δ 21.0, 48.6, 55.8,, 105.2, 110.2, 
114.9, 115.4, 141.2, 141.5, 152.6, 157.6.  
  
4-Methoxy-N-(hexan-2-yl)aniline 
Colorless oil, 76.2 mg, 92% yield. 1H NMR (500 MHz, CDCl3) δ 
0.91 (t, J = 7.1 Hz, 3H), 1.16 (d, J = 6.3 Hz, 3H), 1.31-1.43 (m, 
5H), 1.55-1.59 (m, 1H), 3.37 (m, 1H), 3.75 (s, 3H), 6.56 (d, J = 
8.9, 2H), 6.79 (d, J = 8.9, 2H). 13C NMR (125 MHz, CDCl3) δ 14.2, 20.9, 22.9, 28.5, 37.0, 
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49.5, 55.8, 114.7, 115.0, 142.0, 151.8. 
 
 4-Methoxy-N-(3-methylbutan-2-yl)aniline 
Colorless oil, 74.9 mg, 97% yield. 1H NMR (500 MHz, CDCl3) δ 0.91 (d, 
J = 6.8 Hz, 3H), 0.97 (d, J = 6.9 Hz, 3H), 1.08 (d, J = 6.5 Hz, 3H), 1.84 
(m, 1H), 3.26 (m, 1H), 3.75 (s, 3H), 6.56 (d, J = 8.9 Hz, 2H), 6.78 (d, J 




Yellow oil, 101.0 mg, 99% yield. 1H NMR (500 MHz, CDCl3) δ 
0.96 (t, J = 7.4 Hz, 3H), 1.75-1.89 (m, 2H), 3.72 (s, 3H), 3.80 (s, 
3H), 4.14 (t, J = 6.7 Hz, 1H), 6.52 (d, J = 8.9, 2H), 6.73 (d, J = 
8.9, 2H), 6.89 (d, J = 8.7, 2H), 7.28 (d, J = 8.6, 2H). 13C NMR (125 MHz, CDCl3) δ 10.9, 
31.8, 55.3, 55.8, 60.0, 113.9, 114.6, 114.8, 127.6, 136.2, 142.0, 151.9, 158.5. 
 
N-(4-methoxyphenyl)-1, 1-diphenylmethylamine 
Yellow oil, 43.7 mg, 38% yield. 1H NMR (500 MHz, CDCl3) δ 3.79 
(s, 3H), 5.54 (s, 1H), 6.60 (d, J = 8.8, 2H), 6.81 (d, J = 8.8, 2H), 7.35 
(t, J = 7.3, 2H), 7.42 (t, J = 7.9, 4H), 7.48 (d, J = 7.3, 4H). 13C NMR 
(125 MHz, CDCl3) δ 55.6, 63.8, 114.6, 114.7, 127.2, 127.4, 128.6, 141.6, 143.2, 152.1. 
 




Colorless oil, 81.9 mg, 97% yield. 1H NMR (500 MHz, CDCl3) δ 1.44 
(d, J = 6.6 Hz, 3H), 1.73 (br, 1H), 3.66 (d, J = 13.2 Hz, 1H), 3.73 (d, J = 
13.2 Hz, 1H), 3.88 (q, J = 6.6 Hz, 1H), 7.30-7.44 (m, 10H). 13C NMR 
(125 MHz, CDCl3) δ 24.6, 51.7, 57.6, 126.8, 126.9, 127.0, 128.2, 128.4, 128.6, 140.7, 145.6. 
 
N-benzyl-N-(α-methyl-p-methoxybenzyl)amine 
Colorless oil, 92.5 mg, 96% yield. 1H NMR (500 MHz, CDCl3) δ 
1.36 (d, J = 6.6 Hz, 3H), 1.73 (br, 1H), 3.59 (d, J = 13.3 Hz, 1H), 
3.66 (d, J = 13.3 Hz, 1H), 3.78 (q, J = 6.6 Hz, 1H), 3.82 (s, 3H), 
6.90 (d, J = 8.7 Hz, 2H), 7.23-7.34 (m, 7H). 13C NMR (125 MHz, CDCl3) δ 24.6, 51.7, 55.4, 
56.9, 114.0, 127.0, 127.9, 128.3, 128.5, 137.7, 140.7, 158.7. 
 
 N-benzyl-1-(p-tolyl)ethanamine 
Colorless oil, 84.6 mg, 94% yield. 1H NMR (500 MHz, CDCl3) δ 
1.40 (d, J = 6.6 Hz, 3H), 1.70 (br, 1H), 2.39 (s, 3H), 3.62 (d, J = 
13.1 Hz, 2H), 3.70 (d, J = 13.1 Hz, 2H), 3.83 (q, J = 6.6 Hz, 1H), 
7.20-7.37 (m, 9H). 13C NMR (125 MHz, CDCl3) δ 21.2, 24.6, 51.7, 57.3, 126.7, 126.9, 128.3, 








Colorless oil, 79.6 mg, 67% yield. 1H NMR (500 MHz, CDCl3) δ 
1.37 (d, J = 6.7 Hz, 3H), 1.70 (br, 1H), 3.59 (d, J = 13.2 Hz, 1H), 
3.65 (d, J = 13.2 Hz, 1H), 3.89 (q, J = 6.6 Hz, 1H), 7.24-7.34 (m, 
5H), 7.50 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 8.1 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 24.7, 
51.8, 57.4, 124.4 (q, J = 270.3 Hz), 125.6 (q, J = 3.8 Hz), 127.1, 127.2, 128.2, 128.6, 129.4 (q, 
J = 32.1 Hz), 140.3, 149.9. 19F NMR (282 MHz, CDCl3) δ -62.25 (3F). 
 
 1-(3-methylphenyl)-N-(phenylmethyl)ethanamine  
Colorless oil, 69.3 mg, 77% yield. 1H NMR (500 MHz, CDCl3) δ 
1.39 (d, J = 6.6 Hz, 3H), 1.70 (br, 1H), 2.37 (s, 3H), 3.61 (d, J = 13.2 
Hz, 1H), 3.67 (d, J = 13.2 Hz, 1H), 3.79 (q, J = 6.6 Hz, 1H), 
7.11-7.37 (m, 9H). 13C NMR (125 MHz, CDCl3) δ 21.6, 24.6, 51.8, 57.6, 123.9, 126.9, 127.5, 
127.8, 128.2, 128.5, 138.1, 140.8, 145.7. HRMS: calcd. for (M+H)+ m/z 226.1596, found 
(M+H)+ m/z 226.1591. 
 
1-(3-bromophenyl)-N-(phenylmethyl)ethanamine  
Colorless oil, 61.3 mg, 53% yield. 1H NMR (500 MHz, CDCl3) δ 
1.38 (d, J = 6.6 Hz, 3H), 1.62 (br, 1H), 3.62 (d, J = 13.2 Hz, 1H), 3.69 
(d, J = 13.2 Hz, 1H), 3.80 (q, J = 6.6 Hz, 1H), 7.22-7.57 (m, 9H). 13C 
NMR (125 MHz, CDCl3) δ 24.6, 51.8, 57.2, 122.8, 125.5, 127.1, 128.2, 128.5, 129.9, 130.1, 
130.2, 140.5, 148.3. HRMS: calcd. for (M+H)+ m/z 290.0544, found (M+H)+ m/z 290.0545. 





Colorless oil, 80.0 mg, 83% yield. 1H NMR (500 MHz, CDCl3) δ 1.47 
(d, J = 6.7 Hz, 3H), 1.99 (br, 1H), 3.68 (d, J = 12.9 Hz, 1H), 3.74 (d, J = 
12.9 Hz, 1H), 3.87 (s, 1H), 4.25 (q, J = 6.7 Hz, 1H), 6.94-7.47 (m, 9H). 
13C NMR (125 MHz, CDCl3) δ 22.2, 51.6, 52.3, 55.1, 110.4, 120.6, 126.6, 127.1, 127.5, 
128.1, 128.2, 133.1, 140.8, 157.1. 
 
N-benzyl-1-(naphthalen-2-yl)ethanamine 
Colorless oil, 101.3 mg, 97% yield. 1H NMR (500 MHz, CDCl3) δ 
1.51 (d, J = 6.6 Hz, 3H), 1.81 (br, 1H), 3.69 (d, J = 13.2 Hz, 1H), 
3.75 (d, J = 13.2 Hz, 1H), 4.04 (q, J = 6.6 Hz, 1H), 7.29-7.91 (m, 
12H). 13C NMR (125 MHz, CDCl3) δ 24.6, 51.8, 57.7, 125.0, 125.5, 125.6, 126.1, 127.0, 
127.8, 127.9, 128.3, 128.4, 128.5, 133.0, 133.6, 140.7, 143.1. 
 
1-(furan-2-yl)-N-(phenylmethyl)ethanamine 
Colorless oil, 75.6 mg, 94% yield. 1H NMR (500 MHz, CDCl3) δ 1.45 
(d, J = 6.6 Hz, 3H), 1.76 (br, 1H), 3.68 (d, J = 13.1 Hz, 1H), 3.76 (d, J = 
13.1 Hz, 1H), 3.91 (q, J = 6.6 Hz, 1H), 6.19 (d, J = 3.2 Hz, 1H), 
6.34-6.35 (m, 1H), 7.25-7.39 (m, 6H). 13C NMR (125 MHz, CDCl3) δ 20.5, 50.6, 51.2, 105.5, 
110.0, 127.0, 128.3, 128.5, 140.4, 141.5, 157.9. 
 




Colorless oil, 88.2 mg, 98% yield. 1H NMR (500 MHz, CDCl3) δ 0.93 
(t, J = 7.5 Hz, 3H), 1.75-1.90 (m, 3H), 3.65 (t, J = 7.6 Hz, 1H), 3.67 (d, 
J = 13.0 Hz, 1H), 3.77 (d, 13.2 Hz, 1H), 7.32-7.47 ( m, 10H). 13C NMR 
(125 MHz, CDCl3) δ 10.7, 31.0, 51.5, 64.1, 126.7, 126.8, 127.3, 128.0, 128.2, 140.7, 144.0. 
 
N-benzyl-3-methylbutan-2-amine 
Colorless oil, 59.5 mg, 84% yield. 1H NMR (500 MHz, CDCl3) δ 0.90 (d, 
J = 6.8 Hz, 3H), 0.92 (d, J = 6.8 Hz, 3H), 1.02 (d, J = 6.5 Hz, 3H), 1.41 
(br, 1H), 1.71-1.78 (m, 1H), 2.51-2.56 (m, 1H), 3.72 (d, J = 13.1 Hz, 1H), 
3.83 (d, J = 13.1 Hz, 1H), 7.24-7.27 (m, 1H), 7.31-7.35 (m, 4H). 13C NMR (125 MHz, CDCl3) 
δ 16.1, 17.4, 19.4, 32.3, 51.7, 57.7, 126.9, 128.2, 128.4, 141.2. 
 
(p-methoxybenzyl)(1-phenylethyl)amine 
Colorless oil, 95.4 mg, 99% yield. 1H NMR (500 MHz, CDCl3) δ 
1.38 (d, J = 6.6 Hz, 3H), 1.76 (br, H), 3.55 (d, J = 12.9 Hz, 1H), 
3.62 (d, J = 12.9 Hz, 1H), 3.81 (s, 3H), 3.82 (q, J = 6.6 Hz, 1H), 
6.87 (d, J = 8.6, 2H), 7.22 (d, J = 8.5, 2H), 7.27-7.29 (m, 1H), 7.35-7.37 (m, 4H). 13C NMR 
(125 MHz, CDCl3) δ 24.6, 51.1, 55.4, 57.5, 113.9, 126.8, 127.0, 128.6, 129.4, 132.9, 145.7, 
158.7. 
 




Yellow oil, 53.1 mg, 75% yield. 1H NMR (500 MHz, CDCl3) δ 0.88 (d, J 
= 6.7 Hz, 3H), 0.89 (d, J = 6.7 Hz, 3H), 1.36 (d, J = 6.6, 3H), 1.45 (br, 1H), 
1.70 (m, 1H), 2.23 (dd, J = 11.4 Hz, J = 7.3 Hz, 1H), 2.35 (dd, J = 11.4 Hz, 
J = 7.3 Hz, 1H), 3.75 ( q, J = 6.6 Hz, 1H), 7.22-7.26 ( m, 1H), 7.30-7.34 (m, 4H). 13C NMR 
(125 MHz, CDCl3) δ 20.6, 20.8, 24.5, 28.5, 55.8, 58.3, 126.5, 126.7, 128.3, 146.0. 
 
N-[(4-methoxyphenyl)methyl]-1,2,3,4-tetrahydronaphthalen-1-amine   
Yellow oil, 99.3 mg, 93% yield. 1H NMR (500 MHz, CDCl3) δ 1.57 
(br, 1H), 1.79 (m, 1H), 1.95 (m, 2H), 2.06 (m, 1H), 2.77 (m, 1H), 
2.88 (m, 1H), 3.82-3.94 (m, 6H), 6.92 (d, J = 8.6 Hz, 2H), 7.12 (m, 
1H), 7.17-7.19 (m, 2H), 7.35-7.40 (m, 3H). 13C NMR (125 MHz, CDCl3) δ 19.0, 28.1, 29.3, 
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Chapter 4 Iron-Catalyzed Amination of Alcohols 
Assisted by Lewis Acid 
4.1 Introduction  
Amines and amine derivatives are of essential importance to chemical industry, 
pharmaceutical industry as well as numerous biological processes.77 Every year, millions of 
structurally diverse amines products are synthesized and find their application as solvents, 
pharmaceuticals, detergents, agrochemicals, flotation agents, fabric softeners, antistatic 
additives, lubricants, polymers, corrosion inhibitors, food additives and dyes. One of the most 
fundamental and important way for amine production, especially chiral amines synthesis, is 
the reduction of imines to the corresponding amine products. Traditional imine reduction 
methods involve stoichiometric amount of borohydride reagents, which suffers from severe 
drawbacks such as high toxicity and wastes generation.  
To achieve this transformation in a more environmentally friendly manner, tremendous 
effort was devoted to the development of catalysis using molecular hydrogen78, formic acid8a 
or alcohols8e as reducing agents. Among them, hydrogenation of imine with molecular 
hydrogen is the most well studied procedure in literature and also widely applied in industry. 
Up to now, various highly efficient catalysts based on rhodium, iridium, ruthenium and other 
metals with a wide range of chiral ligands are developed for the enantioselective 
hydrogenation of imines, with the chiral iridium catalysts presenting the most outstanding 
results. The safety issues are always key important to these protocols when applying them in 
industry because hydrogen gas is highly flammable.  
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Alternatively, hydrogenation of imines using organic compounds such as formic acid, 
alcohols and Hanchister ester as hydrogen donors, which is usually called Transfer 
Hydrogenation, is another well-established way of amine preparation. Different from 
hydrogen gas, these hydrogen donors are easier to handle and do not require special 
equipment such as high pressure tanks. Therefore, transfer hydrogenation is considered as an 
operationally easier and safer replacement for hydrogenation reactions. Moreover, its stereo-, 
chemo- and region- selectivity are often different from the well-known hydrogenation 
systems, thus also complementing sophisticated hydrogenation reactions.8d  
Being stable, low toxicity，readily available and abundant, alcohols are among the most 
fundamental starting materials in chemical industry. Therefore, direct amination of alcohol to 
its corresponding amine product is of great interest. The most straightforward way for this 
transformation is a nucleophilic substitution of the hydroxyl group by amines or amides. 
Since hydroxyl group is not a good leaving group, harsh reaction conditions such as high 
temperature and strong Bronsted acids/Lewis acids activation are always required.  
Recent years, transition metal catalyzed direct amination of alcohols through a borrowing 
hydrogen methodology77, 79 (also known as the hydrogen auto transfer process) has caught 
much attention. As shown in scheme 4.1, this procedure starts from readily available alcohols 
and involves the three steps of dehydrogenation of an alcohol to the corresponding aldehyde 
or ketone, condensation to form an imine intermediate, and subsequent imine hydrogenation. 
The term borrowing hydrogen refers to the fact that catalyst borrows hydrogen from alcohol 
and returns it back to later-formed imine intermediate. As an overall result, no external 
reductant is needed and the only side product is water. It is recognized as highly atom 
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economical and environmentally benign. Early examples of direct amination of alcohol which 
involved heterogeneous catalysts have been known since early 20th century.80 No 
homogeneous version was reported until Grigg and co-workers81 found that [RhH(PPh3)4] was 
efficient for N-alkylation of pyrrolidine and primary amines using primary alcohols. Later on, 
various kinds of catalysts base on ruthenium, iridium and other metals were proved to be 
efficient for this transformation. However, few examples using earth abundant metals as 
catalysts are reported. 
 
 
Scheme 4.1 Borrowing hydrogen in the amination of alcohols 
 
Transition metal free amination of alcohols, which was first reported more than 100 
years ago, regained attention after been overlooked for decades.79f In general, a strong base 
such as KOH is needed in this type of reaction and a MPV type six-membered cyclic 
transition state is proposed to account for the redox process. Compared with transition metal 
mediated amination reactions, a much narrower substrate scope is tolerated. 
In the following section, some typical examples and recent advances in amination of 
alcohols will be discussed in details. 
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4.1.1 Ir catalyzed amination of alcohols 
In Grigg’s initial report81, though RhH(PPh3)4 was identified as the best catalyst, 
IrCl(PPh3)3 was also found to be quite reactive. No following examples on Ir catalyzed 
amination reactions were reported until in 2002 Fujita’s group82 demonstrated that the 
combination of [IrCp*Cl2]2 and K2CO3 was able to catalyze intramolecular amination of 
alcohols under relatively mild conditions (scheme 4.2). Later on, various types of substrates83 
were tested including primary alcohols, secondary alcohols, diols, with aryl amines and alkyl 
amines. Weaker base NaHCO3 was later proved to be a better choice
83c to replace K2CO3. 
Functional groups such as cyano, nitro or methoxy groups were well tolerated. 
 
Scheme 4.2 Fujita’s [IrCp*I2]2 catalyzed amination of alcohols 
 
Interestingly [IrCp*I2]2, which possesses a similar structure to [IrCp*Cl2]2, worked quite 
differently. The Williams group84 reported that using [IrCp*I2]2 as catalyst, no base was 
needed to activate the catalyst and the addition of K2CO3 would reduce yields. Moreover, this 
reaction was performed in water.  
The Fujita group85 treated [IrCp*I2]2 with ammonia in methanol and made it into an 
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air-stable and water-soluble catalyst IV-4 (scheme 4.3). Aqueous ammonia was used as the 
nitrogen source and this system was demonstrated to be highly efficient and highly 
atom-economical that various secondary and tertiary amines were synthesized by alkylation 
of primary and secondary alcohols.  
 
Scheme 4.3 Water-soluble Ir complex catalyzed amination of alcohols using amomonia 
 
An NHC containing Ir complex IV-5 was synthesized and tested in amination of alcohol 
reactions by Crabtree et al86 (scheme 4.4). Activating the catalyst by a large excess amount of 
NaHCO3 (50 equiv. to catalyst), anilines were efficiently alkylated by primary alcohols. 
 
Scheme 4.4 Ir NHC complex catalyzed amination of alcohols by Crabtree 
 
The kempe group87 applied a series of P,N ligands into the Ir catalyzed alkylation of 
amines with various alcohols (scheme 4.5). The Ir complexes were initially generated in situ. 
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A screening on ligands, solvents and bases revealed that the combination of [IrCl(cod)]2, 
ligand IV-6, KOtBu and diglyme worked the best on aromatic amines with primary alcohols. 
But aliphatic amines showed low reactivity. This property was smartly utilized in a selective 
amination of aminoalcohols (scheme 4.6). Compared with above examples in which reactions 
took place at high temperature (110 ℃), this catalytic system tolerated milder reaction 
conditions (70 ℃). 
 
Scheme 4.5 Kempe’s Ir catalyzed amination of primary alcohols 
 
Scheme 4.6 Kempe’s Ir catalyzed amination of aminoalcohols 
 
In the cases of alkylation of aminopyridines, higher reactivity was always observed 
compared with that of anilines. NMR study showed that ligand IV-6 was actually replaced by 
aminopyridines. This investigation led to the discovery of a new type of Ir complex IV-788 
possessing a better reactivity. As shown in scheme 4.7, at 70 ℃, 4-Cl aniline was alkylated 
by benzyl alcohol to 98% yield with as low as 0.05 mol% catalyst loading.  
 




Scheme 4.7 New highly efficient Ir complex IV-7 developed by Kempe 
 
The first enantioselective amination reaction was reported by our group62 in 2014 using a 
Noyori-type Ir complex IV-8 (scheme 4.8). Chiral phosphoric acid was added as cocatalyst 
IV-9 which would not only improve the reactivity, but also increase enantioselectivity. A wide 
range of secondary alcohols were converted to the corresponding secondary amines with high 
yield and high ee values. Though anilines worked well in this transformation, aliphatic amines 
such as benzyl amine only gave moderate ee values.  
 
Scheme 4.8 First example of enantioselective amination of alcohols 
 
This catalytic system was further applied into the amination of β-branched secondary 
  PAN HUIJIE 
93 
 
alcohols89 (scheme 4.9). A dynamic kinetic resolution process was incorporated in this process 
(scheme 4.10). The two enantiomers of imine intermediate B were interchangeable during an 
imine/enamine tautomerization process. Only one enantiomer of B could be reduced 
efficiently and therefore product amines were generated in high diasteroselectivity and high 
enantioslectivity.  
 
Scheme 4.9 Zhao’s dynamic kinetic amination of β-branched alcohols 
 
 
Scheme 4.10 Mechanism proposed in Zhao’s dynamic kinetic amination of β-branched 
alcohols 
 
4.1.2 Ru catalyzed amination of alcohols 
As one of the earliest examples, RuCl2(PPh3)3 and RuH2(PPh3)4 were applied into the 
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alkylation of amines by Watanabe’s group81 in 1981 (scheme 4.11). Primary alcohols 
generally gave better yields and dialkylated products were always observed as well while 
secondary alcohol showed much lower reactivity. High reaction temperature (180 ℃) was 
required.  
 
Scheme 4.11 Early report on Ru catalyzed amination of alcohols by Watanobe 
 
Bisphosphine ligands are wildly used in Ru catalyzed reactions. In 2007, the Williams 
group90 used [Ru(p-Cymene)Cl2]2 as precursor and added dppf as ligand for the amination of 
primary alcohols (scheme 4.12). Changing the ligand to DPEphos later made this system 
more reactive91, allowing secondary alcohols to be able to serve as alkylating agents. 
Cyclolization of diol with primary amines to form cyclic tertiary amines were achieved as 
well.  




Scheme 4.12 Ru catalyzed amination of alcohols developed by Williams 
 
Beller’s group developed a combination of Ru3(CO)12 with monophosphine ligand IV-13 
and found it quite efficient in the amination of both primary and secondary alcohols92 (scheme 
4.13). High temperature and relatively high catalyst loading (6 mol% Ru) were required. The 
same catalytic system was later applied into the monoamination of vicinal diols93 (scheme 
4.14). In the case of primary and secondary diols, only the primary alcohol part was converted 
to amine. If both of the alcohol moieties were secondary, the less steric hindered one would 
be converted to amine. Further study revealed that α-hydroxy amides could be converted to 
α-amino acid amides using a similar catalysts combination via a simple amination step94 
(scheme 4.15). Bisphosphine ligand IV-14 was used instead. High reaction temperature of 
160 ℃ was necessary for good yields.  
 




Scheme 4.13 Ru catalyzed amination of alcohols by Beller 
 
 
Scheme 4.14 Monoamination of vicinal diols by Beller 
 
 
Scheme 4.15 Amination ofα-hydroxy amides by Beller 
 
Besides these complex generated in situ cases, some well-established catalysts were also 
tested in this transformation. Beller’s and Williams’ groups95 reported the first example of 
N-alkylation of indoles, which was known as a poor nucleophile, with alcohols catalyzed by 
homogeneous catalyst (scheme 4.16). With the help of catalytic amount of PTSA, Shvo’s 
catalyst efficiently alkylated the indole substrates with primary alcohols through a borrowing 
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hydrogen process.  
 
Scheme 4.16 N-alkylation of indoles using alcohols by Beller and Williams 
 
Milstein and coworkers96 reported a selective, atom-economical synthesis of primary 
amines directly from alcohols and ammonia using an air-stable Ru complex IV-15 (scheme 
4.17). This reaction could proceed in toluene or even “on water” in the absence of organic 
solvent. Only 0.1 mol% catalyst loading was required, indicating high activity of this catalyst. 
Various primary alcohols were converted into amines in both small and large scales. 
 
Scheme 4.17 Milstein’s Ru pincer complex for amination of alcohols using ammonia 
 
In 2014, Dong’s group97 utilized a commercially available Ru PNP-type pincer complex 
in the amination of racemic secondary alcohols with enantioenriched tert-butanesulfinamide 
(scheme 4.18). Desired product α-chiral tert-butanesulfinylamines were formed in high dr 
values. 
 




Scheme 4.18 Dong’s amination of alcohols using enantioenriched tert-butanesulfinamide 
 
4.1.3 Other metal catalyzed amination of alcohols 
Besides Ir and Ru, the most widely used two metals for amination of alcohol reactions, 
other metals, especially some cheap earth-abundant metals such as Cu, Fe and Co, are also 
developed into useful catalysts. However, these catalysts usually suffer from lower reactivity 
and limited substrate scopes.  
In 2009, Beller and coworkers98 explored the use of copper in the alkylation of 
sulfonamides (scheme 4.19). Simple Cu(OAc)2 or Cu(OTf)2 was found to be reactive in the 
presence of K2CO3 under air. NMR study indicated the formation of IV-17 and this 
compound was later proved to act as a stabilizing ligand to provide an active copper catalyst 
for dehydrogenation/hydrogenation. Various substituted benzyl alcohols as well as some 
secondary alcohols were presented to be good alkylating agents for both aromatic 
sulfonamides and aliphatic sulfonamides.  
Gusev’s group99 developed a series of osmium pincer type complexes and tested their 
application in amination of alcohols (scheme 4.20). With only 0.1 mol% catalyst loading, 
primary alcohols were efficiently converted to secondary amines with a primary amine such 
as aniline. No further reaction to form tertiary amines was obviously observed. The reaction 
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was conducted at a very high temperature of 200 ℃.  
 
Scheme 4.19 Copper catalyzed amination of alcohols with sulfonamide by Beller 
 
 
Scheme 4.20 Os pincer complex catalyzed amination of alcohols 
 
Iron, as the second most abundant metal on earth, is considered to be the ultimate, 
sustainable alternative for Ru. Feringa and coworkers100 reported in 2014 that Knolker’s 
complex could catalyze the amination of aliphatic primary alcohols with primary and 
secondary amines (scheme 4.21). Aromatic alcohols such as benzyl alcohol could only give 
low yields. The Wills group101 utilized a similar iron complex realized the amination of 
various benzyl alcohols. In both cases, secondary alcohols showed low reactivity (scheme 
4.22).  




Scheme 4.21 Fe catalyzed amination of primary alcohols by Feringa 
 
Scheme 4.22 Fe catalyzed amination of benzyl alcohols by Wills 
In 2015, the first example of Co catalyzed amination of alcohols was developed by the 
Kempe group102 (scheme 4.23). The reaction took place at a relatively mild condition. Only 
primary alcohol worked as suitable substrates. Very recently, Zhang’s group103 reported 
another Co-based pincer complex for this type of reactions. No base was required in this 
catalytic system (scheme 4.2). 
 
Scheme 4.23 Co catalyzed amination of primary alcohols by Kempe 
 
 
Scheme 4.24 Co catalyzed amination of primary alcohols by Zhang 




4.1.4 Transition metal free amination of alcohols 
In a transition metal free amination of alcohol reaction, the key step is the transfer 
hydrogenation of imine by alcohol. A MPV type six-membered transition state is generally 
proposed in the mechanism (scheme 4.25). Therefore, strong bases are usually required in in 
this type of reactions. Another important issue in such reactions is the source of starting 
carbonyl compounds to initiate the catalytic cycle. There are two ways that are commonly 
used. One is directly adding catalytic amount of corresponding aldehydes. The other way is 
using some external oxidants (air in most cases) to oxidize some alcohols.  
 
Scheme 4.25 Mechanism for transition metal free amination of alcohol 
 
In 2013, Xu’s group104 found that simply adding some catalytic amount of external 
aldehydes and base could make alkylation of amines with primary alcohols possible (scheme 
4.26). Control reactions using high purity bases and other reagents indicated it was indeed a 
transition metal free reaction. Air was reported to have no significant effect on reactivity. 
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Thus this reaction could be performed in either air or inert atmosphere. Further study showed 
that instead of aldehyde, addition of imines and other transition metal free oxidant could also 
catalyze this reaction. A mechanism shown in scheme 4.25 was proposed.  
 
Scheme 4.26 Aldehyde catalyzed amination of alcohols by Xu 
 
Recently, an example of so called catalyst free autocatalyzed N-alkylation of certain 
heteroaryl amines was reported by Xu’s group105 (scheme 4.27). The authors reasoned that 
substrates containing RC(=X)NH2 motif may also undergo MPV type reduction first to form 
the carbonyl compounds that needed to initiate alkylation reaction. Besides primary alcohols, 
some secondary alcohols were also employed in this reported, though higher loading of base 
and higher temperature were required. 
 
Scheme 4.27 Autocatalyzed N-alkylation of certain heteroaryl amines by Xu 
 
In 2015, Zhao and coworkers106 studied closely the function of air in their report on 
base-catalyzed N-alkylation of aromatic and heteroaromatic amines with primary alcohols 
(scheme 4.28). They found that the reactions under O2 or air led to formation of imines in 
high ratios. After optimization, addition of 2-5 mol% O2 was found to give the best results. A 
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base-catalyzed oxidation of alcohols to aldehyde was proposed to initiate this reaction.  
 
Scheme 4.28 O2 as oxidant in transition metal free amination of alcohols 
 
4.1.5 Design of This Project 
As summarized above, various catalytic systems have been developed for the amination 
of alcohols, most of which use catalysts based on precious metals such as Ir, Ru and others. 
Following the “green chemistry” concept in chapter III, development of efficient catalytic 
system using abundant, inexpensive and environmentally friendly metals (especially iron) will 
be highly desired. We were particularly attracted to the possibility of using the Knӧlker’s 
complex IV-23 (Scheme 4.29) for amination of alcohols. From the literature, IV-23 has been 
already been demonstrated to be highly reactive in the hydrogenation and transfer 
hydrogenation of carbonyls. Its application in enantioselective hydrogenation of imines was 
also reported by the Beller group, in which a combination of IV-23 and chiral phosphoric acid 
was used as catalyst. Very recently, the Feringa group and the Wills group reported successful 
amination of alcohols catalyzed by iron complex IV-19 (precursor to Knӧlker’s complex) and 
the analogous complex IV-20, respectively (Scheme 4.29). It is noteworthy that in their 
reports as well as other early reports on Fe-catalyzed amination reactions through a borrowing 
hydrogen process, the alcohol substrates were limited to primary alcohols (and selected 
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symmetrical secondary alcohols). Secondary alcohols, on the other side, are in most cases 
unreactive. In our previous studies, we have identified in chapter III that Fe(acac)3 could 
promote the efficiency of Knӧlker’s complex in transfer hydrogenation of imines. Therefore, 
we would like found out if a similar additive effect could be employed in amination of alcohol 
reactions. 
 
Scheme 4.29 Iron complexes reported in literature 
 
4.2 Results and Discussion 
4.2.1 Reaction Optimization 
The amination of 2-octanol (IV-1h) with p-anisidine (IV-2d) was chosen as the model 
reaction (Table 3.1) to initiate our screening. When 10 mol% IV-23 was used as catalyst in 
this reaction, IV-3ba was yielded in only 4% yield after refluxing for 48 h in toluene (entry 1). 
Though the overall efficiency was disappointing, the corresponding ketone and imine 
intermediates could be observed in a small amount from the crude reaction mixture, 
indicating a borrowing hydrogen process. In our previous report on Ir-catalyzed 
enantioselective amination of alcohols, a chiral Brønsted acid proved essential for facilitating 
both the imine condensation and the asymmetric reduction step. Inspired by this observation, 
we tested various Brønsted acids for this reaction (entries 2-4). Unfortunately none of them 
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gave significant improvement on reactivity, with only formic acid leading to an improved but 
still poor yield of 29% (entry 2). The use of phosphoric acid also proved ineffective (entry 4). 
Chiral phosphoric acids were examined as well; no product formation was observed to our 
disappointment. 
 
Table 4.1 Screening of Brønsted and Lewis acid additives for the iron-catalyzed amination of 
secondary alcohola 
 
Entry Additive Time (h) Yield (%)b 
1 None 48 4 
2 20 mol% HCOOH 48 29 
3 20 mol% TsOH 48 4 
4 20 mol% P-acid 48 <2 
5 20 mol% Cu(OTf)2 48 22 
6 20 mol% CuCl2 48 <2 
7 20 mol% CuCl 48 <2 
8 20 mol% CuBr 48 <2 
9 20 mol% CuI 48 <2 
10 20 mol% FeCl2 48 <2 
11 20 mol% FeBr2 48 <2 
12 20 mol% FeCl3 48 <2 
13 20 mol% FeBr3 48 <2 
14 20 mol% Fe2O3 48 30 
15 20 mol% Fe(acac)3 48 38 
16 20 mol% NiCl2 48 <2 
17 20 mol% Ni(OTf)2 48 36 
18 20 mol% Ni(acac)2 48 29 
19 20 mol% Co(acac)2 48 4 
20 20 mol% Co(acac)3 48 11 
21 20 mol% Ti(OiPr)4 48 55 
22 20 mol% Ag2O 48 6 
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23 20 mol% AgBF4 48 9 
24 20 mol% AgOTf 48 23 
25 20 mol% AgSbF6 48 39 
26 20 mol% Ag2CO3 48 8 
27 20 mol% AgF 48 67 
28 5 mol% AgF 24 18 
29 10 mol% AgF 24 46 
30 40 mol% AgF 24 97 
31 20 mol% CsF 24 <2 
32c 40 mol% AgF 24 70 
aUnless noted otherwise, the reaction was carried out with IV-2d (0.2 mmol), IV-4h (5 equiv), 
IV-23 (10 mol%) and the additive (20 mol%) in refluxing toluene. bYield of IV-3ba was 
determined by GC analysis using n-dodecane as the internal standard. cIV-24 was used as the 
catalyst instead of IV-23. 
 
Based on our experience in iron catalyzed transfer hydrogenation of imines, the addition 
of proper Lewis acid would help to improve reactivity probably because of the activation on 
imines by Lewis acid in the imine reduction step. Therefore, a wide range of Lewis acids were 
examined afterwards. Various readily available salts of Cu, Fe, Ni, Co, Ti and Ag were then 
subjected to the reaction catalyzed by IV-23. As summarized in entries 5-27, Table 3.1, 
though no general trend could be observed, in most cases the strongly Lewis acidic triflate 
and antimonate salts improved the yields noticeably (entries 5, 17, 24 and 25). Fe(acac)3, the 
best additive in iron catalyzed transfer hydrogenation, gave an improved but still 
unsatisfactory yield (38%). Ti(OiPr)4 resulted in a better result yield of 55% (entries 21). 
Among all the tested Lewis acids, AgF, in particular, proved to be the most effective additives 
that yielded IV-3ba in 67% yield (entries 27).  Further optimization with Ti(OiPr)4 was not 
successful. To our delight, the test of loading of AgF proved fruitful (entries 28-30): an 
excellent 97% yield of IV-3ba was obtained in 24 h when 40 mol% AgF was used. As a 
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control reaction, when other F- source such as CsF was used instead (entry 31), no conversion 
to IV-3ba was obtained. Finally, complex IV-24, an air-stable precursor of IV-23 that was 
used as catalyst in our previously reported iron catalyzed transfer hydrogenation of imines 
reaction, was tested. Under otherwise identical conditions, a slightly reduced yield of 70% 
was obtained (entry 32). 
In order to rule out the possibility of Ag-catalyzed direct nucleophilic substitution of 
alcohols by amines, we tested the amination of IV-4h using 40 mol% AgF in the absence of 
IV-23 (Scheme 4.30). No product formation was observed under these conditions, further 
supporting a borrowing hydrogen process catalyzed by IV-23 instead of Ag-catalyzed 
nucleophilic substitution mechanism. 
 
Scheme 4.30 Test of AgF-catalyzed amination of alcohol 
4.2.2 Substrate Scope 
With the best reaction condition in hand, we turned to explore the substrate scope. As 
shown in Scheme 4.31, various secondary alcohols were converted to the corresponding 
amines in good to excellent yields. For aliphatic alcohols, beside the linear ones such as 
IV-4h, those α- and β-branched ones could also be converted to the desired products 
IV-3bc and IV-3bd in good yields. Benzylic amines IV-3be and IV-3bf could also be 
accessed in good yields. Again, control reaction without AgF showed no conversion to desired 
product. This is in consistent with what was reported In the Wills’ report using IV-20 as the 
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catalyst that the reactions of aniline and secondary benzylic alcohols resulted in only low 
conversion to impure products. Beside 2-octanol, 3-octanol bearing an ethyl substituent was 
also successfully converted to IV-3bg in 82% yield, although a longer reaction time of 48 h 
was required to achieve high conversion. It is noteworthy that the amination of symmetrical 
secondary alcohols such as cyclohexanol and isopropanol using aniline were reported by the 
Feringa group; however the yield of the corresponding products IV-3bb and IV-3bh were 
only 12-14%, further highlighting the beneficiary effect of AgF. In addition to p-anisidine, 
other substituted anilines were tested as well. Simple aniline yielded desired product IV-3bi 
in 97% yield, showing a similar reactivity as p-anisidine. Aniline bearing an 
electro-withdrawing showed a much worse reactivity.  IV-3bj was obtained in only 26% 
yield. Steric hindrance also had a negative effect on reactivity. Simply changing the methoxy 
group from para-position to ortho-position, a significant drop on yield from 97% to 36% was 
observed. The use of benzylamine for amination reaction was also examined. Unfortunately, 
in this case the improvement from AgF was not as significant. Amine IV-3bm was produced 
in a 30% yield that will require further optimization. 
The amination of selected primary alcohols that were used in Feringa’s and Wills’ reports 
were also tested (Scheme 4.32). Under the same conditions as before, 1-octanol and benzyl 
alcohol underwent reaction with p-anisidine to yield a mixture of secondary amine and 
tertiary amine products. In this case, partial double amination reaction to yield the tertiary 
amine side product occurred. By using a close-to-stoichiometric loading of the alcohol 
secondary amine IV-3bo could be obtained in a high yield of 80% when 1.2 equiv. of IV-1a 
was used (Scheme 4.32b). Functional group such as remote alkene group was well tolerated 
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(scheme 4.32c). IV-3bp was obtained in a yield of 95%. Example of terminal diol was also 
presented (scheme 4.32d). A cyclized product IV-3cc was formed in 61% yield.  Finally, 
secondary amine such as piperidine IV-2e could undergo reaction with IV-1i to yield tertiary 
amine IV-3cd in a moderate yield of 51% (Scheme 4.32e). 
 
aSee Table 1 for general conditions. bAll the yields refer to isolated yields of IV-3. cIsopropyl 
alcohol as the solvent. d48 h reaction.  
Scheme 4.31 Scope of amination of secondary alcoholsa,b 





Scheme 4.32 Amination of primary alcohols 
 
This reaction is believed to proceed through a borrowing hydrogen mechanism, 
consistent with previous reports. There are two experimental supports for this proposal. Firstly, 
it’s noteworthy that significant amount of corresponding ketone intermediate was also 
obtained in each reaction, indicating a alcohol oxidation process. Secondly, a control reaction 
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using enantiopure alcohol yielded the amine product in a racemic form. The exact nature of 
activation by AgF is not clear at this point. Considering the general improvement of the 
product yield from various Lewis acids examined in Table 4.1, AgF is probably serving as the 
Lewis acid to facilitate imine condensation and activate the imine intermediate towards 
reduction by the iron hydride species IV-23 in the catalytic cycle shown in Scheme 4.33. 
 
 
Scheme 4.33 Proposed catalytic cycle 
 
4.3 Conclusion 
In conclusion, we have developed a highly efficient methodology for iron-catalyzed 
amination of alcohols. Assisted by silver fluoride, the reactivity of this transformation was 
significantly improved. Both primary and secondary alcohols were efficiently converted to 
corresponding amine products. Based on literature report and our experimental results, a 
mechanism involving a borrowing hydrogen process was proposed.  
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4.4 Experimental Section 
4.4.1 General Information 
1H and 13C NMR spectra were recorded on a Bruker AFC 300 (300 MHz) or AMX500 
(500 MHz) spectrometer. Chemical shifts were reported in parts per million (ppm), and the 
residual solvent peak was used as an internal reference: 1H (chloroform δ 7.26), 13C 
(chloroform δ 77.0). Data are reported as follows: chemical shift, multiplicity (s = singlet, d = 
doublet, t = triplet, q = quartet, m = multiplet, br = broad), coupling constants (Hz) and 
integration. For thin layer chromatography (TLC), Merck pre-coated TLC plates (Merck 60 
F254) were used, and compounds were visualized with a UV light at 254nm.  
Unless otherwise noted, all the reactions were carried out using standard Schlenk techniques 
or in a nitrogen-filled glovebox. Dichloromethane, diethyl ether, THF, and toluene were dried 
over a Pure Solv solvent purification system. Deuterated solvents were purchased from 
Cambridge Isotope Laboratories and dried over molecular sieves (3 Å). Iron complex IV-23, 
IV-24 were prepared according to literature. 
4.4.2 General Procedure for Amination of Alcohols 
In a nitrogen-filled glovebox, a 4 mL oven-dried sample vial was charged with AgF (10.1 
mg 0.08 mmol), iron complex IV-23 (8.2 mg, 0.02 mmol), alcohol IV-1 (1.0 mmol or 0.24 
mmol), amine IV-2 (0.2 mmol), 0.5 mL of toluene, and then sealed with a screw cap. The 
reaction mixture was taken outside the glovebox and heated to 110 ℃ for 24 h, after which 
the mixture was cooled to room temperature. All the volatiles were removed under vacuum. 
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Purification by flash chromatography afforded the target products in pure form. 
4.4.3 Characterization of Compounds 
4-Methoxy-N-(octan-2-yl)aniline (IV-3ba)   
Colorless oil, 46.1 mg, 97% yield. 1H NMR (500 MHz, 
CDCl3) δ 0.90 (t, J = 7.0 Hz, 3H), 1.16 (d, J = 6.3 Hz, 
3H), 1.29-1.43 (m, 9H), 1.53-1.60 (m, 1H), 3.12 (br, 1H), 3.37 (m, 1H), 3.75 (s, 3H), 6.56 (d, 
J = 8.9 Hz, 2H), 6.78 (d, J = 8.9 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 14.0, 20.8, 22.6, 
26.1, 29.4, 31.8, 37.3, 49.5, 55.8, 114.6, 114.9, 141.9, 151.8. 
 
4-Methoxy-N-(isopropyl)aniline (IV-3bb)  
yellow oil, 25.4 mg, 77% yield. 1H NMR (500 MHz, CDCl3) 1H NMR 
(500 MHz, CDCl3) δ 1.19 (d, J = 6.3 Hz, 6H), 3.55 (m, 1H), 3.75 (s, 
3H), 6.57 (d, J = 8.7 Hz, 2H), 6.79 (d, J = 8.7 Hz, 2H). 13C NMR (125 
MHz, CDCl3) δ 23.1, 45.3, 55.8, 114.9, 115.0, 141.7, 152.0. 
 
4-Methoxy-N-(3-methylbutan-2-yl)aniline (IV-3bc)  
Colorless oil, 25.9 mg, 67% yield. 1H NMR (500 MHz, CDCl3) 1H 
NMR (500 MHz, CDCl3) δ 0.91 (d, J = 6.8 Hz, 3H), 0.97 (d, J = 6.9 
Hz, 3H), 1.08 (d, J = 6.5 Hz, 3H), 1.84 (m, 1H), 3.26 (m, 1H), 3.75 
(s, 3H), 6.56 (d, J = 8.9 Hz, 2H), 6.78 (d, J = 8.9 Hz, 2H). 13C NMR 
(125 MHz, CDCl3) δ 16.4, 17.3, 19.2, 32.0, 54.5, 55.7, 114.67, 114.9, 142.0, 151.6. 
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4-Methoxy-N-(4-methylpentan-2-yl)aniline (IV-3bd)  
Colorless oil, 29.0 mg, 70% yield. 1H NMR (500 MHz, CDCl3) δ 
0.92 (m, 6H), 1.14 (d, J = 6.2 Hz, 3H), 1.19-1.26 (m, 1H), 
1.42-1.49 (m, 1H), 1.72-1.80 (m, 1H), 3.03 (br, 1H) 3.39-3.47 (m, 
1H), 3.75 (s, 3H), 6.56 (d, J = 8.9 Hz, 2H), 6.77 (d, J = 8.9, 2H). 13C NMR (125 MHz, CDCl3) 
δ 21.1, 22.5, 23.0, 25.1, 47.0, 47.5, 55.8, 114.6, 115.0, 142.0, 151.8. 
 
4-Methoxy-N-(1-phenylethyl)aniline (IV-3be)  
Yellow oil, 34.5 mg, 76% yield. 1H NMR (500 MHz, CDCl3) δ 
1.53 (d, J = 6.7 Hz, 3H), 3.72 (s, 3H), 4.45 (q, J = 6.7 Hz, 1H), 
6.51 (d, J = 8.9 Hz, 2H), 6.73 (d, J = 8.9 Hz, 2H), 7.26 (t, J = 7.2 
Hz, 1H), 7.35 (t, J = 7.8 Hz, 2H), 7.40 (d, J = 7.2 Hz, 2H). 13C 
NMR (125 MHz, CDCl3) δ 25.1, 54.5, 55.8, 114.8, 114.9, 126.0, 126.9, 128.7, 141.5, 145.5, 
152.1. 
 
 4-Methoxy-N-(1-(4-methoxyphenyl)ethyl)aniline (IV-3bf)  
Yellow oil, 32.9mg, 64% yield. 1H NMR (500 MHz, CDCl3) 
δ 1.49 (d, J = 6.7 Hz, 3H), 3.71 (s, 3H), 3.80 (s, 3H), 4.39 
(q, J = 6.7 Hz, 1H), 6.50 (d, J = 8.9, 2H), 6.71 (d, J = 8.9, 
2H), 6.87 (d, J = 8.7, 2H), 7.29 (d, J = 8.7, 2H). 13C NMR 
(125 MHz, CDCl3) δ 25.0, 53.7, 55.2, 55.7, 113.9, 114.6, 114.7, 126.9, 137.4, 141.5, 152.0, 
158.4. 
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4-Methoxy-N-(octan-3-yl)aniline (IV-3bg)  
Colorless oil, 38.5 mg, 82% yield. 1H NMR (500 MHz, CDCl3) δ 
0.87-0.94 (m, 6H), 1.29-1.49 (m, 10H), 3.19 (q, J = 5.8 Hz, 1H), 3.75 
(s, 3H), 6.55 (d, J = 8.8 Hz, 2H), 6.77 (d, J = 8.8, 2H). 13C NMR (125 
MHz, CDCl3) δ 10.0, 14.0, 22.6, 25.6, 27.1, 32.0, 34.3, 55.1, 55.8, 114.3, 115.0, 142.5, 151.6. 
 
4-Methoxy-N-(cyclohexyl)aniline (IV-3bh)  
Colorless oil, 32.4 mg, 79% yield. 1H NMR (500 MHz, CDCl3) δ 
1.08-1.40 (m, 5H), 1.63-1.78 (m, 3H), 2.03-2.06 (m, 2H), 3.14-3.29 (m, 
1H), 3.74 (s, 3H), 6.57 (d, J = 8.8 Hz, 2H), 6.77 (d, J = 8.8, 2H). 13C 
NMR (125 MHz, CDCl3) δ 25.0, 26.0, 33.6, 52.8, 55.8, 114.8, 114.9, 
141.6, 151.9. 
 
N-(octan-2-yl)aniline (IV-3bi)   
Colorless oil, 40.0 mg, 97% yield. 1H NMR (500 MHz, CDCl3) 
δ 0.91 (t, J = 7.0 Hz, 3H), 1.19 (d, J = 6.3 Hz, 3H), 1.29-1.43 (m, 
9H), 1.53-1.60 (m, 1H), 3.46 (m, 2H), 6.59 (d, J = 8.4 Hz, 2H), 
6.67 (t, J = 7.3 Hz, 1H), 7.17 (t, J = 7.7 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 14.0, 20.8, 
22.6, 26.1, 29.3, 31.8, 37.2, 48.5, 113.1, 116.7, 129.2, 147.7. 
 
4-Chloro-N-(octan-2-yl)aniline (IV-3bj)   
Yellow oil, 12.4 mg, 26% yield. 1H NMR (500 MHz, CDCl3) 
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δ 0.90 (t, J = 7.1 Hz, 3H), 1.16 (d, J = 5.8 Hz, 3H), 1.27-1.43 (m, 9H), 1.53-1.60 (m, 1H), 
3.34 (m, 2H), 6.49 (d, J = 8.8 Hz, 2H), 7.10 (d, J = 9.2 Hz, 2H); 13C NMR (125 MHz, CDCl3) 
δ 14.0, 20.6, 22.6, 26.0, 29.3, 31.8, 37.1, 48.7, 114.1, 121.1, 129.0, 146.3. 
 
2-Methoxy-N-(octan-2-yl)aniline (IV-3bk)   
Colorless oil, 16.9 mg, 36% yield. 1H NMR (500 MHz, CDCl3) 
δ 0.92 (t, J = 7.0 Hz, 3H), 1.22 (d, J = 6.3 Hz, 3H), 1.29-1.53 
(m, 9H), 1.60-1.67 (m, 1H), 3.48 (m, 1H), 3.86 (s, 3H), 4.09 (d, 
J = 7.9 Hz, 1H), 6.62-6.67 (m, 2H), 6.79 (d, J = 7.8 Hz, 1H), 6.89 (t, J = 7.7 Hz, 1H); 13C 
NMR (125 MHz, CDCl3) δ 14.0, 20.8, 22.6, 26.1, 29.4, 31.8, 37.2, 48.1, 55.3, 109.5, 110.0, 
115.6, 121.2, 137.6, 146.7. HRMS: calcd. for (M+H)+ m/z 236.2014, found (M+H)+ m/z 
236.2010. 
 
3-Methoxy-N-(octan-2-yl)aniline (IV-3bl)   
Colorless oil, 37.1 mg, 79% yield. 1H NMR (500 MHz, 
CDCl3) δ 0.90 (t, J = 7.0 Hz, 3H), 1.18 (d, J = 6.3 Hz, 
3H), 1.29-1.45 (m, 9H), 1.53-1.60 (m, 1H), 3.45 (m, 2H), 
3.78 (s, 3H), 6.15 (m, 1H), 6.19-6.26 (m, 2H), 7.05-7.09 (m, 1H); 13C NMR (125 MHz, 
CDCl3) δ 14.0, 20.8, 22.6, 26.1, 29.3, 31.8, 37.2, 48.5, 55.0, 99.0, 101.8, 106.3, 129.9, 149.1, 
160.9. 
 
N-Benzyl-N-(2-octyl)amine (IV-3bm)  
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Colorless oil, 13.1 mg, 30% yield. 1H NMR (500 MHz, CDCl3) δ 0.89 (t, J = 7.1 Hz, 3H), 
1.08 (d, J = 6.3 Hz, 3H), 1.28-1.49 (m, 10H), 2.68 (m, 1H), 3.74 (d, J = 13 Hz, 1H), 3.83 (d, J 
= 13 Hz, 1H), 7.23-7.26 (m, 1H), 7.31-7.33 (m, 4H) ; 13C NMR (125 MHz, CDCl3) δ 14.0, 
20.3, 22.6, 25.9, 29.5, 31.8, 37.1, 51.4, 52.5, 126.7, 128.1, 128.3, 140.9. 
 
4-methoxy-N-octylaniline (IV-3bn)  
Yellow oil, 33.8 mg, 72% yield. 1H NMR (500 MHz, 
CDCl3) δ 0.91 (t, J = 6.7 Hz, 3H), 1.30-1.42 (m, 
10H), 1.58-1.63 (m, 2H), 3.07 (t, J = 7.2 Hz, 2H), 
3.76 (s, 3H), 6.59 (d, J = 8.9 Hz, 2H), 6.79 (d, J = 8.9, 2H). 13C NMR (125 MHz, CDCl3) δ 
14.0, 22.6, 27.2, 29.2, 29.4, 29.7, 31.8, 45.0, 55.8, 114.0, 114.9, 142.8, 151.9. 
 
N,N-Dioctyl-4-methoxyaniline (IV-3ca)  
Yellow oil, 18.7 mg, 27% yield. 1H NMR (500 MHz, 
CDCl3) δ 0.90 (t, J = 6.7 Hz, 6H), 1.30-1.42 (m, 
20H), 1.53-1.58 (m, 4H), 3.18 (t, J = 7.6 Hz, 4H), 
3.77 (s, 3H), 6.66 (d, J = 8.9 Hz, 2H), 6.83 (d, J = 8.9, 2H). 13C NMR (125 MHz, CDCl3) δ 
14.1, 22.6, 27.2, 27.3, 29.3, 29.5, 31.8, 51.9, 55.8, 114.3, 114.8, 143.3, 150.9. 
 
4-Methoxy-N-(benzyl)aniline (IV-3bo) 
Yellow oil, 34.1 mg, 80% yield. 1H NMR (500 MHz, CDCl3) δ 
3.76 (s, 3H), 4.30 (s, 2H), 6.62 (d, J = 8.9 Hz, 2H), 6.79 (d, J = 
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8.9, 2H), 7.26-7.30 (m, 1H), 7.34-7.40 (m, 4H). 13C NMR (125 MHz, CDCl3) δ 49.2, 55.8, 
114.1, 114.9, 127.1, 127.5, 128.6, 139.7, 142.5, 152.2. 
 
N,N-Dibenzyl-4-methoxyaniline (IV-3cb)  
Yellow oil, 12.7 mg, 21% yield. 1H NMR (300 MHz, CDCl3) δ 3.74 
(s, 3H), 4.58 (s, 4H), 6.72 (d, J = 9.3 Hz, 2H), 6.79 (d, J = 9.3, 2H), 
7.26-7.36 (m, 10H). 13C NMR (125 MHz, CDCl3) δ 55.1, 55.6, 114.4, 114.7, 126.7, 126.8, 
128.5, 138.9, 143.7, 151.6. 
 
4-methoxyl-N-(5-hexenyl)aniline (IV-3bp)  
Colourless oil, 39.0 mg, 95% yield. 1H NMR (500 MHz, 
CDCl3) δ 1.48-1.54 (m, 2H), 1.60-1.66 (m, 2H), 
2.09-2.13 (m, 2H), 3.08 (t, J = 7.1 Hz, 2H), 3.75 (s, 3H), 
4.97 (d, J = 10.2, 1H), 5.03 (d, J = 17.1, 1H), 5.78-5.86 (m, 1H), 6.58 (d, J = 8.7, 2H), 6.79 (d, 
J = 8.8, 2H). 13C NMR (125 MHz, CDCl3) δ 26.4, 29.1, 33.5, 44.8, 55.8, 114.0, 114.6, 114.9, 
138.6, 142.8, 152.0. HRMS: calcd. for (M+H)+ m/z 206.1545, found (M+H)+ m/z 206.1546. 
 
1-(4-methoxyphenyl)piperidine (IV-3cc)  
Colourless oil, 23.2 mg, 61% yield. 1H NMR (500 MHz, CDCl3) δ 
1.53-1.56 (m, 2H), 1.70-1.75 (m, 4H), 3.03 (t, J = 5.4 Hz, 4H), 3.77 
(s, 3H), 6.83 (d, J = 9.1, 2H), 6.91 (d, J = 9.0, 2H). 13C NMR (125 
MHz, CDCl3) δ 24.2, 26.1, 52.3, 55.5, 114.3, 118.7, 146.9, 153.6.  
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1-Octylpiperidine (IV-3cd)  
Colorless oil, 20.1 mg, 51% yield. 1H NMR (500 MHz, CDCl3) 
δ 0.85 (t, J = 7.0 Hz, 3H), 1.17-1.30 (m, 10H), 1.36-1.50 (m, 
4H), 1.55 (m, 4H), 2.23 (t, J = 7.9 Hz, 2H), 2.26-2.42 (m, 4H). 13C NMR (125 MHz, CDCl3) 
δ 14.0, 22.6, 24.5, 25.9, 26.9, 27.8, 29.2, 29.5, 31.8, 54.6, 59.7. 
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Chapter 5 Development of Chiral Shvo’s Catalyst for 
Transfer Hydrogenation and Amination of Alcohol 
Reactions 
5.1 Introduction 
Shvo’s catalyst V-1 refers to a Ru based dimeric complex containing cyclopentadienone 
ligands (Scheme 5.1).107 It is discovery by Youval Shvo and co-workers in 1980 and named 
after its discoverer. This air- and water-stable yellow crystal is widely applied as catalyst in 
reactions such as hydrogenation and transfer hydrogenation of aldehydes, ketones, imines, 
alkynes, and alkenes, disproportionation of aldehydes to esters, isomerization of allylic 
alcohols, dynamic kinetic resolution, amination of alcohols, amine-amine coupling, and 
hydroboration reactions.107 It is recognized as one of the most efficient catalysts in these redox 
reactions. Various experimental and computational studies have been conducted in order to 
understand its mechanism. As shown in Scheme 5.1, upon heating, the dimer will dissociate 
into oxidizing monomer V-2 and reducing monomer V-3. During the process of 
hydrogenation or dehydrogenation, a concerted mechanism that involves simultaneous 
transfer of separate hydrogen atoms from (or to) the metal center and the ligand (Scheme 5.2) 
to substrate is generally proposed. Therefore, Shvo’s catalyst is recognised as a unique 
metal-ligand bifunctional catalyst.  
 
Scheme 5.1 Shvo’s catalyst 




Scheme 5.2 Concerted mechanism proposed in redox step 
Since Shvo’s catalyst is a non-chiral complex, in recent years efforts have been devoted 
to develop its chiral versions or analogues. In 2010, Yamamoto’s group108 reported the first 
chiral analogue of Shvo’s catalyst. As shown in scheme 5.3, a spirocyclic C-riboside ligand 
was introduced as ligand. The two diastereoisomers could be easily separated by silicagel 
chromatography.  This type of catalysts was tested in the asymmetric hydrogenation of 
acetophenone and only low ee values (14-21%) were obtained.  
 
Scheme 5.3 Yamamota’s chiral Shvo’s analogue in asymmetric hydrogenation of 
acetophenone 
The Wills group109 took one more step further and synthesized a series of Ru 
cyclopentadienone complexes V-5 possessing both center chirality and planar chirality. The 
center chirality was built during the ligand synthesis. After the complexes were formed, 
enantiomerically-pure diastereoisomers could be separated by silicagel chromatography. 
These enantioenriched complexes were tested in asymmetric transfer hydrogenation of 
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acetophenone using HCOOH/Et3N or iPrOH as hydrogen source. Poor selectivity could be 
achieved and the results are listed in scheme 5.4. 
 
Scheme 5.4 Wills’ chiral Ru complexes in ATH of acetophenone 
A series of Fe analogues V-6 bearing the same structures were also synthesized and 
reported by this group. Compared with the corresponding Ru complexes, iron versions 
showed worse reactivity (10 mol% catalyst loading vs 1 mol% catalyst loading) but better 
enantioselectivity (5-25% ee vs 3-17% ee) .  
 
Scheme 5.5 Wills’ chiral Fe complexes in asymmetric transfer hydrogenation of 
acetophenone 
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In 2015, a Fe analogue featuring an (R)-BINOL-derived backbone was synthesized by 
Pignatoro, Piarulli and Gennari et al.110 This type of complex was applied in the asymmetric 
hydrogenation of ketones (Scheme 5.6). With acetophenone as model substrate, complexes 
bearing different substitute at 3,3’-positions were screened. Without any substitute on these 
two positions, only 8% ee value was obtained. By adding a small methoxyl group at 
3,3’-positions, ee value jumped to 50% with a full conversion. Phenyl group substituted 
catalyst V-7c gave a similar ee (52%) but a much lower conversion (22%). Further increasing 
the size of substitute resulted in a drop on both conversion and enantioselectivity. 
 
Scheme 5.6 Chiral BINOL-derived Fe complex in asymmetric hydrogenation of 
acetophenone 
 
Very recently, Hayashi’s group111 reported a chiral version of Shvo’s catalyst V-8 that 
containing a single planar chirality (scheme 5.7). The precursors of these complexes were 
prepared in racemic version and were separated by chiral preparative HPLC to afford 
enantiomerically-pure monomers which were later converted into chiral Shvo’s catalyst. 
Several complexes bearing different substitutes were synthesized and tested in transfer 
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hydrogenation of imines and ketones using iPrOH as hydrogen donor. It was found that 
bulkier Ar group was helpful in achieving better enantioselectivity. However, it would 
sacrifice its reactivity (99% yield with V-8a vs 55% yield with V-8c). With complexes V-8c 
bearing a 9-anthrocenyl group, several ketone substrates were also tested out. Interestingly, 
ketone substrates showed an inversed enantioselectivity compared with that of imines. About 
50% ee values was generally obtained. In the case of acetophenone, however, both reactivity 
and enantioselectivity were much worse.  
 
Scheme 5.7 Hayashi’s planar chiral Shvo’s catalyst in asymmetric transfer hydrogenation 
reactions 
As summarized, up to now few examples of chiral Shvo’s catalysts or its analogues have 
been developed and no significant breakthrough in terms of enantioselectivity has been 
achieved. Collaborating with Hayashi’s group, we would like to further explore the 
application of their present catalyst V-8 as well as developing new catalysts based on further 
modification on catalyst backbones. 
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5.2 Results and Discussions 
5.2.1 Fe Version Analogue of V-8 
In Wills’ report, Fe V-6 generally gave better enantioselectivity compared with its Ru 
analogue. This may be due to the fact that iron has a smaller atom radius than that of Ru and 
the metal center was closer to complex’s chiral environment. Therefore, we were interested to 
see how Fe complexes containing a simple planar chirality will work.  
Complexes V-9a, V-9b, and V-10 were synthesized in racemic version according to 
reported procedure by Wills and Hayashi and separated by chiral preparative HPLC using 
chiralpark IA, IB or IC columns. These complexes were firstly tested in the asymmetric 
transfer hydrogenation of acetophenone using iPrOH as hydrogen donor and solvent (scheme 
5.8). 5 mol% catalyst was used and 10 mol% Me3NO was added as oxidant to activate the 
catalyst. However, none of them gave significant enantioselectivity and conversions were also 
low.  
 
Scheme 5.8 Asymmetric transfer hydrogenation of acetophenone with V-9 and V-10 
Imine substrate V-11 was then tested (scheme 5.9). 20 mol% Fe(acac)3 was added based 
on our previous experience on transfer hydrogenation of imines using iron complex in which 
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addition of proper Lewis acids additive was essential for good reactivity. V-9a gave a 
moderate conversion but low enantioslectivity. V-9b showed totally no reactivity probably 
because of the bulkiness of TIPS group. V-10 was the best among these three and gave a full 
conversion and 36% ee at 110 ℃. Lowering down the temperature to 70 ℃ increased the ee 
value slightly to 42%. However, a dramatic drop on conversion was observed. Some more 
imines were then examined with V-10 at 110 ℃. Bulkier naphathyl substituted imine V-11b 
gave full conversion but lower ee value (scheme 5.10). N-(2-OMe)-phenyl substituted imine 
V-11c showed a similar result to V-11a. Surprisingly, N-mesityl substituted imine was inert 
under this condition. 
 
Scheme 5.9 Asymmetric transfer hydrogenation of imine with V-9 and V-10 




Scheme 5.10 Test of different imines with V-10 
 
In conclusion, compared with the results from Hayashi group, these Fe analogues 
showed no significant improvement. In terms of enantioselectivity, these two types of 
catalysts gave similar results.  
 
5.2.2 Development of Chiral Shvo’s Catalyst Containing Planar Chirality and 
Center Chirality on Metal Center 
Our results on planar chiral Fe complex discussed above as well as Hayashi’s report 
indicated that the chiral information on this type of complexes could not be efficiently 
delivered during the transition state (scheme 5.11). It may be because the two substitutes R1 
and R2 were still too far away from the chiral center that we would like to build. We reasoned 
that if we used a different substitute to replace one of the CO groups on metal center, it would 
make another chiral center that was closer to substrate. Moreover, due to steric issues, R1 and 
R2 may fix the conformation on metal center. Thus the two type of chiral information on such 
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a catalyst would function together to result in better enantioselectivity.  
 
Scheme 5.11 Transition state in reduction step 
Phosphine ligands were firstly introduced into this type of catalyst. Following the 
preparation procedure shown in scheme 5.12, V-15a containing PPh3 was synthesized. Crude 
31P NMR showed that two peaks at 47.5 and 45.8 were formed and supposed to be from the 
corresponding two diastereomers. The dr ratio was close to 1:1. However, this complex was 
unstable. It decomposed when exposed to air in both solid form and in solution. Bulkier and 
more eletron-donating PCy3 ligand was used later. The formed complex V-15b was even less 
stable and decomposed fast. However, its dr ratio was little better to be 1:2.  
 
Scheme 5.12 Synthesis procedure for V-15 
Since electron-donating phosphine ligands could only gave unstable complexes, 
phosphite ligands that were less electron-donating were tried out instead. Following the same 
synthesis procedure, V-15c and V-15d were prepared. Compared with V-15a and V-15b, they 
were more stable and would not decompose rapidly in solid form. But they are still not stable 
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enough for column chromatography. Crude 31P NMR of V-15c showed it had a dr ratio of 
1.0:0.7. The crude 31P NMR of V-15d was not very pure and a dr ratio around 1:1 was 
observed. In order to achieve better dr ratio, we tried to make R group bigger so that it may 
have a better control on the ligand exchange step. V-15e bearing a 9-anthracenyl group and 
PPh3 was thus prepared. To our disappointment, only a dr ratio of 1:0.73 was obtained, 
indicating that R group could hardly have significant influence on the ligand exchange step.  
The reactivity of this type of complexes was tested in transfer hydrogenation reactions 
(scheme 5.13). Activated by K2CO3, 2.5 mol% rac V-15c reduced acetophenone to 
phenylethanol with 82% yield in 20 h. Under the identical condition, imine V-11a was 
reduced with 67% yield. Such reactivity was actually much lower than that of a standard 
Shvo’s catalyst. Due to the instability of these complexes, separation on chiral preparative 
HPLC to obtain enantiomerically pure isomers was not possible. However, its planar chirality 
could be controlled by starting from enantiomerically pure V-13. Therefore, planar chiral 
V-15c was synthesized and tested out. As shown in Scheme 5.13c, V-11a was reduced in low 
conversion with 42% ee at 60 ℃. This enantioselectivity was similar to that of V-8. The 
catalyst was totally unreactive at 23 ℃.  




Scheme 5.13 V-15 catalysed transfer hydrogenation reactions 
In conclusion, the synthesis of enantiomerically pure V-15 complexes bearing two type 
of chirality was not successful due to their instability. The dr ratios obtained from crude NMR 
indicated that the two types of chiral information were quite independent. The structure of top 
planar ligand had limited influence on the introduction of phosphine or phosphite ligands. 
Changing a CO group into phosphite ligand had no significant influence on the catalyst’s 
enantioselectivity while remarkably reduced its reactivity. 
 
5.2.3 Development of Chiral Shvo’s Catalyst Containing NH Functional Group 
During Noyori’s study on chiral Ru complexes that was used for asymmetric 
hydrogenation reactions, they noticed that changing OH group into NH group dramatically 
enhanced reactivity and enatioselectivity. The hydrogen bonding between NH group and 
substrate was attributed to be the key issue. As in the case of Shvo’s catalyst, an OH group 
was interacting with substrate through hydrogen bonding, we were interested in how it would 
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function if an NH group was present instead. Moreover, the R group connecting to NH would 
have another steric effect that would influent the enantioselectivity. By changing the 
electronic properties of R group, the acidity of NH proton could also be tuned (scheme 5.14). 
 
Scheme 5.14 Catalyst design 
Complexes V-17a, V-17b and V-17c that containing NH functional group were then 
synthesized following the procedure in scheme 5.15. These complexes were all air-stable and 
could be purified by silica gel column chromatography. They were prepared in racemic 
version and made into enantiomerically pure through preparative chiral HPLC separation with 
Chiralpark IA or IC column.  
 
Scheme 5.15 Synthesis route for V-17 
As usual, these new complexes were tested in transfer hydrogenation reactions. 
Acetophenone was firstly used as substrate. As shown in scheme 5.16, activated by KOtBu, 
all of these three complexes gave low yields and almost racemic product using iPrOH as 
hydrogen donor. V-17c had a relatively better reactivity. 




Scheme 5.16 Test on V-17 in transfer hydrogenation of acetophenone 
Ethyl oxophenylacetate was then examined as substrate (scheme 5.17). Similar trend to 
that in transfer hydrogenation of acetophenone could be observed. Under the same condition, 
V-17c presented a much higher reactivity (71% yield vs 27% yield). Obtained ee values were 
a little bit higher than those using acetophenone. 
 
Scheme 5.17 Test on V-17 in transfer hydrogenation of ethyl oxophenylacetate 
α-trifluoroacetophenone was proved to be better ketone substrate (table 5.1). V-17c 
afforded 22% ee at 50 ℃. However, it lost reactivity at 23 ℃. A screening on different bases 
was conducted at 50 ℃. Surprisingly, weak base Na2CO3 inverted the enantioselectivity and 
gave the other enantiomer in major with a ee value of 7%. Strong bases such as KOH, LiOtBu 
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and NaOtBu all gave similar results. Silver salt was another type of additives that can activate 
V-17 because it could irreversibly take Cl-. AgBF4 was tried and gave an inversed ee of 
17.5%.  
 
Table 5.1 Test on V-17 in transfer hydrogenation ofα-trifluoroacetophenone 
 
Entry Catalyst Additive Temperature ee 
1 V-17b 10 mol% KOtBu 80 ℃ < 2% 
2 V-17b 10 mol% KOtBu 50 ℃ < 2% 
3 V-17c 10 mol% KOtBu 50 ℃ 22% 
4 V-17b 10 mol% KOtBu 23 ℃ --a 
5 V-17c 10 mol% KOtBu 23 ℃ 5.5% 
6 V-17c -- 50 ℃ --a 
7 V-17c 10 mol% Na2CO3 50 ℃ -7% 
8 V-17c 10 mol% LiOtBu 50 ℃ 17.5% 
9 V-17c 10 mol% NaOtBu 50 ℃ 23.5% 
10 V-17c 10 mol% KOH 50 ℃ 23.5% 
11 V-17c 10 mol% AgBF4 50 ℃ -17.5% 
12 V-17d 10 mol% KOtBu 50 ℃ 6% 
ano desired product formation 
 
Finally, imine substrate V-11a was tested (table 5.2). By using base KOtBu to activate 
V-17, none of these three complexes could afford any desired product even when Lewis acid 
(Ag2O or Fe(acac)3) were added to activate imine substrate. Interestingly, via AgBF4 
activation, 77% yield was obtained using V-17c, though the ee value was only 7%. The 
formed HBF4 acid may be the reason since it was a strong acid that can activate imines. 
Lowering down reaction temperature to 50 ℃ or 23 ℃ totally shut down the reaction. 
Addition of chiral phosphoric acid V-22 had no effect on enantioselectivity.  
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Table 5.2 Test on V-17 in transfer hydrogenation of imine V-11a 
 
Entry Catalyst Additive Temperature Yield ee 
1 V-17a KOtBu 100 ℃ 0% -- 
2 V-17b KOtBu 100 ℃ 0% -- 
3 V-17b KOtBu and Ag2O 100 ℃ 0% -- 
4 V-17b KOtBu and Fe(acac)3 100 ℃ 0% -- 
5 V-17c KOtBu 100 ℃ trace -- 
6 V-17c AgBF4 100 ℃ 77% 7% 
7 V-17c AgBF4 50 ℃ 0% -- 
8 V-17c AgBF4 23 ℃ 0% -- 
9 V-17c AgBF4 and V-18 100 ℃ 44% 7% 
10 V-17d AgBF4 100 ℃ 83% 11.5% 
 
Comparing the different results obtained from V-17a, V-17b and V-17c, it indicates that 
catalyst containing simple alkyl group has the best reactivity and enantioselectivity. Therefore, 
complex V-17d which only has a small methyl group on N atom was made. Unfortunately, in 
the reduction of α-trifluoroacetophenone, only 6% ee was obtained. Better results (83% yield, 
11.5% ee) were achieved using V-11a as substrate.  
In conclusion， V-17 type of complexes had a much lower reactivity compared with 
Hayashi’s original examples V-8. In the meanwhile, the enantioselectivity obtained was also 
lower.  
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5.3 Experimental Section 
5.3.1 General Information 
1H and 13C NMR spectra were recorded on a Bruker AFC 300 (300 MHz) or AMX500 
(500 MHz) spectrometer. Chemical shifts were reported in parts per million (ppm), and the 
residual solvent peak was used as an internal reference: 1H (chloroform-d δ 7.26), 13C 
(chloroform-d δ 77.00), 1H (Dichloromethane- d2 δ 5.32), 
13C (Dichloromethane-d2 δ 54.24). 
Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q 
= quartet, m = multiplet, br = broad), coupling constants (Hz) and integration. For thin layer 
chromatography (TLC), Merck pre-coated TLC plates (Merck 60 F254) were used, and 
compounds were visualized with a UV light at 254nm. 
V-8, V-9, V-10, V-12 and V-13 were synthesized according to literature. 
 
5.3.2 General Preparation Procedure 
General procedure for V-15: 0.05 mmol V-8 was dissolved in a 5 mL of degassed 
mixture solvent (CHCl3/EtOH = 10/1). The mixture was heated to reflux under N2 for 24 h. 
After cooled down, solvent was completed removed by oil pump and the whole procedure 
should not expose to air. Then 0.15 mmol phosphine ligand or phosphite ligand was added as 
well as 10 mL degassed THF. The mixture was heated to reflux under N2 for 4 days. 
Removing solvent afforded the crude product. Further purification such as recrystallization in 
pentane/THF or column chromatography was tried without much success.  
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General procedure for V-16a and V-16b: 2.0 mmol of V-12, 3.0 mmol of RNH2  and 
6.0 mmol of DABCO were dissolved in 15 mL PhCl. 3.0 mmol TiCl4 in toluene was  then 
added. The mixture was stirred under reflux for 24 h. Desired product V-16 was extracted 
with CH2Cl2 and further purified by column chromatography.  
General procedure for V-16c and V-16d: 2.0 mmol of V-12, 10.0 mmol of RNH2 and 
2.4 mmol of Ti(OiPr) 4  were added to a high pressure tube and dissolved in 20 mL of 
degassed toluene in glovebox. The sealed tube was taken out of glovebox and heated to 90 ℃ 
for for 16 h. Upon completion, all the volatile was completed removed by oil pump. By 
exposure to air, Ti(OiPr)4 would quenched and the mixture was then dissolved in excess 
amount of TG grade hexane. Filtration through celite afforded clear solution. Hexane was 
then removed and the residue was recrystallized in MeOH to afford the desired product. 
General procedure for V-17: 1.0 mmol V-16 and 1.5 mmol Ru3(CO)12 were added to a 
high pressure tube and dissolved in 10 mL of degassed CHCl3 in glovebox. The sealed tube 
was taken out of glovebox and heated to 100 ℃ for 4 days. Upon completion, the solution 
was concentrated and further purification on column chromatography using EA/Hexane as 
eluent afforded the desired product. 
5.3.3 Characterization of Compounds 
1H NMR and 13H NMR of V-17a  
1H NMR (500 MHz, Dichloromethane-d2) δ 7.40 (m, 2H), 7.38 – 7.21 (m, 10H), 7.11 (t, J = 
7.4 Hz, 1H), 7.08 – 6.91 (m, 4H), 6.78 (d, J = 8.9 Hz, 2H), 5.99 (s, 1H), 3.76 (s, 3H), 1.66 (s, 
3H). 13C NMR (126 MHz, CD2Cl2) δ 199.51, 198.79, 158.60, 139.59, 132.95, 132.47, 132.10, 
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131.31, 130.86, 130.68, 130.59, 129.76, 129.15, 128.81, 128.72, 128.69, 128.63, 128.07, 
114.42, 104.10, 101.56, 84.20, 78.37, 55.98, 14.76, 12.61. 
 
1H NMR and 13H NMR of V-17b 
1H NMR (500 MHz, Dichloromethane-d2) δ 7.53 (m, 2H), 7.43 (t, J = 7.4 Hz, 1H), 7.40 – 
7.31 (m, 3H), 7.30 – 7.21 (m, 4H), 7.19 – 7.11 (m, 2H), 7.11 – 7.06 (m, 2H), 7.02 (q, J = 7.7 
Hz, 4H), 6.93 – 6.86 (m, 2H), 6.53 (s, 1H), 2.28 (s, 3H). 13C NMR (126 MHz, CD2Cl2) δ 
196.93, 196.07, 140.43, 132.85, 131.66, 131.60, 131.19, 129.08, 128.99, 128.78, 128.54, 
128.43, 128.38, 128.06, 127.81, 109.60, 105.83, 102.76, 101.23, 99.20, 11.56. 
 
1H NMR and 13H NMR of V-17c 
1H NMR (500 MHz, Dichloromethane-d2) δ 7.45 – 7.35 (m, 2H), 7.28 (m, 7H), 7.06 (t, J = 
7.4 Hz, 1H), 6.95 (t, J = 7.8 Hz, 2H), 6.86 (dd, J = 8.4, 1.4 Hz, 2H), 3.73 (p, J = 6.4 Hz, 1H), 
2.15 (s, 3H), 1.19 (d, J = 6.4 Hz, 3H), 1.03 (d, J = 6.3 Hz, 3H). 13C NMR (126 MHz, CD2Cl2) 
δ 199.32, 198.59, 144.17, 133.01, 131.82, 131.61, 130.93, 130.68, 130.52, 128.48, 128.38, 
128.30, 128.08, 127.75, 127.39, 102.44, 102.30, 81.73, 72.04, 45.41, 25.16, 24.79, 11.05. 
 
1H NMR and 13H NMR of V-17d 
1H NMR (500 MHz, Dichloromethane-d2) δ 7.53 – 7.41 (m, 2H), 7.28 (m, 8H), 7.11 – 7.03 
(m, 1H), 6.97 (t, J = 7.8 Hz, 2H), 6.90 (dd, J = 8.4, 1.3 Hz, 2H), 4.55 (q, J = 5.5 Hz, 1H), 2.80 
(d, J = 5.5 Hz, 3H), 2.20 (s, 3H). 13C NMR (126 MHz, CD2Cl2) δ 199.24, 198.53, 143.46, 
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133.06, 131.75, 131.58, 130.63, 130.44, 130.33, 128.45, 128.41, 128.29, 128.08, 127.81, 
127.40, 31.76, 10.75. 
 










  PAN HUIJIE 
139 
 
Crude 31P NMR of V-15a 
Crude 1H NMR of V-15b 
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Crude 31P NMR of V-15b 
Crude 1H NMR of V-15c 
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Crude 31P NMR of V-15c 
Crude 1H NMR of V-15d 
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Crude 31P NMR of V-15d 
Crude 1H NMR of V-15e 
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Crude 31P NMR of V-15e 
NMR sepectras of V-17 
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